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mVZ-PITCH-ROLL ANALYSIS AND TESTING I 

OF AIR CUSH ON LANDING SYSTEMS .+ 

A, B. Boghani, K. M. Captain and D, N. Wonnley 
Foster-Miller Associates, Inc.  

SUMMARY 

The ob jec t ive  of the  i n v e s t i g a t i o n  w a s  t o  develop the  ana- 
l y t i c a l  t o o l s  ( ana lys i s  and computer s imulat ion)  needed t o  expla in  
and p r e d i c t  the dynamic opera t ion  of a i r  cushion landing systcas 
(ACLS), 

b e I S W ,  

The work w a s  carried o u t  through t h e  f i v e  tasks l isted 

1. Development of improved a n a l y t i c a l  moBels f o r  the €an 
and t runk 

Formulation of a heave-pitch-roll  a n a l y s i s  for  t h e  
complete ACLS . 

Development of a genera l  purpose computer s imulat ion 
t o  eva lua te  landing and t a x i  performance of an ACLS 
a i r c r a f t  

V e r i f i c a t i o n  and refinement of t h e  a n a l y s i s  by compari- 
son w i t h  test data obta ined  through lab  t e s t i n g  of a 
pro to type  cushion 

Demonstration of s imulat ion c a p a b i l i t i e s  through typical 
landing and taxi s imulat ions of an ACLS aircraft. 

2. 

3. 

4 -  

5 ,  

I n i t i a l  r e s u l t s  show t h a t  f a n  dynamics have a major effect 
88 system performance, Colrtparison w i t h  lab test  data (zero 
forward speed) i n d i c a t e s  tha t  the a n a l y s i s  can p r e d i c t  m o s t  of 
t h e  key static and dynamic parameters  (pressure,  d e f l e c t i o n ,  
acceleration, etc.) wi th in  a margin of 10-25 percent .  
s imulat ion can thus  be used t o  eva lua te  e x i s t i n g  conf igura t ions  
and develop new designs.  

The 

I 



t INTRODUCTION 

Background 

The Air Cushion Landing System (ACLS) concept has been applied 
to several aircraft, such as the Buffalo (XC-8A), the LA-4 and the 
Jindivik drone- Tests with these aircraft and small scale models 
have demonstrated both the feasibility of the concept and the ad- 
vantages of using such a system in place of conventional landing 
gear, In several instances, however, current designs have exhi- 
bited unexpected behavior, and the need for a better understanding 
of ACLS operation has thus been felt, Recognizing this need, NASA 
initiated a phased research program to develop the analytical tools 
necessary to understand and predict ACLS performance, 
analytical models and verifying experiments are complete, this 
work will then lead to the design and fabrication of improved sec- 

Once the 

ond generation air cushion landing systems, 

This report represents the completion of the first stage of 
the research program in which the basic analysis has been devel- 
oped and subjected to initial verification, 
based on the fundamentals of solid body and fluid mechanics, deter- 
mines the heave, pitch and roll motion and pressurer flow and 
acceleration of an ACLS during landing impact, slideout and taxi, 
The model has been verified by comparing the analytical results 
with those obtained from controlled static and dynamic experiments 
with a prototype cushion in the laboratory, A computer program 
which incorporates the ACLS analysis has also been developed to 
evaluate current ACLS designs, and to help in the development of 

The analytical model, 

._ 

b 

improved configurations. 

1 Subsequent sections of this report describe details of the 
analytical model, the results of the experimental verification, 
and a typical application in which the analysis has been used to 
evaluate the characteristics of the Buffalo aircraft- 
program itself is not described in this report, but is available 

The computer 

to interested users through NASA COSMIC services. I 

2 



State-of-the-Art Review 

The feasibility of Air Cushion Landing Systems was estab- 
lished when an ACLS LA-4 aircraft first flew in 1967. Since that 
the, several aircraft applications have been studied by the Air 
Force, Navy and NASA (see Table I) and two cf these (Buffalo and 
Jindivik) have been developed to the point of full-scale testing. 
Scale model tests of cushions and entire aircraft have also been 
carried out, including static tests, drop tests, forward speed 
tests and wind tunnel tests, 

Over the last ten years, a number or' reports and papers have 
been published describing this work, f r o m  initial feasibility and 
design studies to subsequent analyses, computer simulations and 
testing, This literature is summarized in Table 11, 

The first analysis of a complete ACLS was carried out by 
Earl, (ref, a) ,  H i s  report on the feasibility of using an ACLS for 
the C-119 aircraft included a static analysis of the eushioa and 
its subsystems, 
tests 0 

The static theory was supported by scale model 

Digges ([ref, 1%) also analyzed the complete ACLS, starting 
with an evaluation of the various jet theories wnich model the 
outflow from the trunk and cushion, He compared the flow para- 
meters (eogcp cushisn-to-trunk pressure ratio) predicted by the 
theories for different jet heights. 
expanded to include distributed flow due to distributed trunk holes 
.and the results thus obtained were compared with those found from 
.the flow restrictor theory, which models the air gap as an orifice 
between the cushion chamber and atmosphere (Figure la, lb). While 
test results showed that the flow restrictor theory, predicted the 
cushion f l o w  more accurately than the distributed jet theory, it 
required specially measured orifice discharge coefficients. 
Digges also analyzed the trunk shape, assuming that the trunk 
material behaves like an ideal membrane (Figure 2a). Trunk shapes 

The jet analysis was then 

., 

! 
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Jet  Theory (refs. 10, 11, 16) 

(b) Flow Restrictor Theory ( re f .  11) 

1 1 1 1 r l ! r  
T r u n k  Atmosphere 



Trunk Can Move 
O u t w a r d  Freely 

(b) Membrane Trunk - With Hoop S t i f f n e s s  (ref. 5) 

I 

( c )  "Frozen" trunk ( r e f .  26) 

Figure 2 .  Analytical  Models f o r  Trunk Deformation 



1 

were predicted for various cushion-to-trunk pressure ratios and 
compared with the test results obtained with a straight (2 dimen- 
sional) section of trunk. This membrane trunk analysis however 
did not include the effects of the hoop stress and deflection of an * \ . '*V 

actual ( 3  dimensional) torroidal trunk The trunk shape and 

cushion flow analysis was used to develop a dynamic model of the 
ACLS, A dynamic simulation computer program was also developed. 
Initial test data from a prototype cushion (at zero eushicn pres- 
sure) were found to be in general agreement with the computer pre- 
dictions. 

A vertical energy absorption analysis for ACLS was performed 
ughan (ref, 12), who also developed a dynamic simulation com- 

puter program. This program was restricted to heave mode simula- 
tion. 
of the various parameters on the load-stroke response of the sys- 
tem, 

A parametric analysis was performed to determine the effects 

An analysis of pitch motion of the ACLS is described by Coles 
(ref, 5). In this analysis the trunk is divided into sections and 
the forces and moments for coupled heave-pitch motion are obtained 
by analyzing each section separately and then summing the results 
for the whole cushion, Hoop tension effects, not considered by 
Digges, were approximated in this study by introducing an experi- 
mentally calculated radial stiffness in the force balance analysis 
of the trunk by means of an external spring (Figure 2b), Trunk 
dynamics were modeled by using auxiliary pressure variables re- 
lated to the actual pressure variables by first order lags, A 

computer simulation, which included aircraft aerodynamics, was 
developed to generate heave-pitch motion predictions of the ACLS 

during landing impact. Ryken (ref. 7) expanded Coles' analysis 

* 
In this report, the term hoop refers to the trunk lines that run 
around the (oval) perimeter of the cushion and trunk, 

9 
I 
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by introducing two additional system pressures (the forward gap 
and the aft gap) calculated from an experimentally observed expo- 
nential relationship. The analysis was used to update the com- 
puter' program developed by Coles, and various simulations were 
carried out to predict the behavior of the Jindivik, 

In an attempt to include analytically the effects of circum- 
ferential tension, Captain (ref, 26) assumed the trunk to be 
"frozen", iresO the trunk shape outside the ground contact zone 
to be fixed, and independent of pressure (Figure 2c). With this 
assumption, a dynamic heave analysis was developed and subsequent- 
ly extended to include pitch motion. Computer simulations were 
developed for both the heave and heave-pitch modes, 

A dynamic heave-pitch simulation of the Jindivik is described 
by Ho (ref, 31) who solved existing analytical models (refs. 2, 
23) on a hand calculator. 

Simpler approaches to modeling the ACLS have also been taken, 
In a preliminary study by Bauer (ref., 19), the ACLS is represented 
by a spring-mass-dashpot model, and the various system parameters 
are quantified from test data obtained with the full scale 
Jindivik, Stuart (ref, 20) proposed a similar type of model in 
which several of the equations were quantified through experiments 
with scale model cushions for the Buffalo. 

0 

In addition to studying the entire ACLS, several reports deal- 
ing with specific ACLS subsystems have also been published. The 
majority of these reports have dealt with the modeling of the fluid 
interaction between the trunk, cushion and atmosphere. Most of 
these studies have included experiments on two dimensional trunks 
with various orifice configurations. 
experimental behavior include the jet theories such as the Barratt, 
thin jet and exponential theories (Figure la) and the flow restric- 
tor theory (Figure lb), The jet theories generally use change of 
jet momentum to predict the cushion pressure, whereas the flow re- 
strictor theory considers the gap area under the trunk as an 

Theories used to presict the 

10 
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orifice and predicts the cushion pressure from the orifice equation 
(refs, 11, 16). The general conclusion drawn from these studies is 
that the orifice theory is more suitable for ACLS than the jet 
theor'ies, apparently because a discrete jet pattern is not estab- 
lished. Han (ref, 22) has obtained theoretical results by approxi- 
mating the trunk-cushion interaction by the airflow through a 
porous plate (Figure IC). An experimental verification is also 
described (ref. 2 3 ) .  The theory works well €or low gap heights 
characteristic of trunk-ground contact, but is not attractive for 
the larger clearances. More recently, Han (ref, 24)  has reported 
some experimental work on a distributed jet emanating from single, 
double and triple slot configurations. 
studies on ACLS fans is the work of Kunstadt (ref, 3.4) who evalua- 
ted both ejectors and tip turbine fans for the Jindivik, 

About the only published 

The general conclusions that emerge from the state-of-the- 
art review of ACLS model, development are as follows, 

I, Operation of the trunk-cushion-atmosphere airflow system 
should be modeled by an orifice theory rather than a jet 
theory , 

2, The trunk model is a known bottleneck that has restric- 
ted the advancement of ACLS analysis. 
trunk models presently available, the membrane model 
(Digges) is too "soft" because it neglects hoop tension 
effects, the "frozen" trunk model (Captain) is too 
stiff, because it overcompensates for hoop tension, and 
the model developed by Coles is confined to modes and 
applications where special trunk test data are available 
to quantify the model. 

The pressure distribution under the trunk in the ground 
contact zone has not been conclusively established. 
Most analyses assume that during ground contact the 
trunk forms a perfect seal with contact pressure equal 
to the trunk pressure. Very little data are available 
to validate this assumption for a real three dimensional 
trunk, and further analysis and testing is needed to 
establish the model for trunk contact pressure and 
sealing. 

Of the three 

3 .  
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4 .  The a i r  source has  no t  received much a t t e n t i o n ,  and 
t h e  e f f e c t s  of source dynamics on ACLS landing behavior 
are l a r g e l y  unknown. 

Although several computer models have been described i n  
the l i t e r a t u r e ,  there is  no genera l ly  a v a i l a b l e  and 
experimental ly  verified s imulat ion t h a t  can be used 
without  s p e c i a l  test data t o  e v a l u a t e  and improve ACLS 
designs e 

The conclusions of the  s ta te -of - the-ar t  review helped d e f i n e  
the  s p e c i f i c  tasks needed t o  address those c r i t i ca l  areas t h a t  are 
as y e t  unresolved, The work w a s  broken down i n t o  f i v e  tasks: 

1, Development of improved models f o r  t h e  f an  and t runk 

2, Formulation of a heave-pi tch-rol l  a n a l y s i s  for t h e  
complete ACLS 

Development of a genera l  purpose computer s imula t ion  
t o  eva lua te  landing and t a x i  performance of an ACLS 
aircraft 

4 .  V e r i f i c a t i o n  and ref inement  of the a n a l y s i s  by compari- 

3 ,  

son w i t h  t es t  data obtained through l a b  t e s t i n g  of a 
prototype cushion 

Demonstration of s imulat ion capabili t ies through typi-  
cal landing and t a x i  s imula t ions  of an ACLS aircraft  

The preceding s e c t i o n  has  summarized previous  work i n  t h e  

5 .  a 

f i e ld  and i d e n t i f i e d  the key areas for f u r t h e r  s tudy.  
and dynamic ana lys i s  of the  ACLS i s  developed i n  t h e  next  s ec t ion .  
A l l  major assumptions are d iscussed ,  and t h e  complete ACLS ana ly t i -  
cal  model, including improved models for the t runk  and fan ,  is  

derived, 
presented  i n  t h e  Appendix, 
dynamic experiments performed on t h e  p ro to t rpe  cushion" are t h e n  
presented,  
p i t c h  and roll .  tests, i n  which var ious  ACLS parameters,  inc luding  

*One half of a 1/3 scale dua l  cushion landing system b u i l t  by 

The s ta t ic  

The f u l l  set of  equaZlions t h a t  describe t h e  model are 
The test  s e t u p  and t h e  s t a t i c  and 

The experiments carried o u t  inc lude  s ta t ic  heave, 

Boeing under an  earlier Navy c o n t r a c t ,  



ground con tac t  pressure  d i s t r i b u t i o n ,  w e r e  measured f o r  d i f f e r e n t  
loading condi t ions .  The dynamic tests c o n s i s t  of drop tests from 
d i f f e r e n t  he igh t s  w i th  d i f f e r e n t  angles  of a t t a c k ,  p i t c h  and r o l l  
moment release tests, and a coupled heave-pitch s t a r t - u p  test. 
The v a l i d i t y  of t h e  a n a l y t i c a l  model i s  eva lua ted  by comparison 
w i t h  the  test r e s u l t s .  F ina l ly ,  t h e  c a p a b i l i t i e s  of t h e  a n a l y t i -  
cal model are demonstrated by ca r ry ing  o u t  a computer s imulat ion 
of t h e  Buffalo a i r c r a f t .  The r e s u l t s  presented inc lude  heave and 
p i t c h  motions, p ressures  and acce le ra t ions  dur ing  a t y p i c a l  4 1  m / s  
( 8 0  knot) approach and landing,  and during t a x i  over an  ungraded 
runway 

ANALYSIS 

B a s i c  Configurat ion 

The basic ACLS conf igura t ion  analyzed is  shown i n  Figure 3 .  
The model inc ludes  f o u r  primary subsystems: 
systemo t h e  t runk and t h e  cushion. 
systems has  been chosen s u f f i c i e n t l y  genera l  so t h a t  t hey  can  
r ep resen t  a v a r i e t y  of prac t ica l .  designs.  
through the duc t s  and plenum (feeding system) and e n t e r s  the t runk.  
The t runk has  s e v e r a l  rows of o r i f i c e s  t h a t  communicate both  wi th  
t h e  cushion and atmosphere. Thus, t he  a i r f low from the t runk  has  
two components - one p a r t  e n t e r i n g  the cushion and t h e  o t h e r  
leading d i r e c t l y  t o  t h e  atmosphere. The cushion flow exhausts  t o  
t h e  atmosphere through t h e  clearance gap formed between t h e  t runk 
and ground, In  add i t ion  t o  the  basic flows descr ibed  above, t w o  
o t h e r  flows have been included i n  t h e  model f o r  gene ra l i t y .  These 
are the  plenum bleed  f l o w  and t h e  direct cushion flow. 
bleeding causes  some of t h e  a i r  t o  flow d i r e c t l y  from plenum t o  
atmosphere, and has  been used i n  s o m e  designs t o  improve t h e  dy- 
namic c h a r a c t e r i s t i c s  of t h e  a i r  supply system. D i r e c t  flow from 
the plenum t o  t h e  cushion can a l s o  improve dynamic response.  

t h e  f a n p  the feeding 
The conf igura t ion  of t h e s e  

A i r  from t h e  f a n  flows 

Plenum 

A 
pressure  r e l i e f  valve i s  also included i n  the basic conf igura t ion .  



Trunk 

--- 

Trunk Holes 

{a) a a n  View 

Pressure Flow 
Relief from Fan Bleed Plow 

Aircraft 

R 

v - 
/////////////// //// / A / / /  

(b) Front View (Section A-A) 

. Figure 3. Basic ACLS Configuration 



It allows addi t ional ,  f l o w  t o  vent  f r o m  t h e  plenum whenever t h e  
pressure  exceeds a p r e s e t  bevel ; .and thus  improves s t a b i l i t y  by 
reducing f an  s ta l l .  

The  support  force a c t i n g  on the aircraf t  is made UP of t w o  
components. The f i r s t  occurs due t o  the  cushion pressure  a c t i n g  
Over t h e  cushion area, 
ground con tac t ,  is  given by the c o n t a c t  p re s su re  a c t i n g  over the 
t runk  c o n t a c t  area. 
rise t o  a momentp given by the product of the  force and i t s  d is -  

s t ance  from the  CG of t h e  aircraft. 

The second, which comes about only dur ing  

The suppor t  fo rce ,  i n  gene ra l ,  also g i v e s  

In plan ,  the cushion has an oval shape, made up of a rec tan-  
g u l a r  s e c t i o n  w i t h  s emic i r cu la r  endso  
t h e  h o r i z o n t a l  and v e r t i c a l  spacing between the p o i n t s  of attach- 
ment of the  t runk to t h e  aircraft  bodye The i n i t i a l  (undeformed) 
t runk  shape i s  def ined by the above t w o  parameters,  and the p e r i -  

The l eng ths  a and b are 

m e t e r  R and h e i g h t  H as shown. 
between the rows of p e r i p h e r a l l y  d i s t r i b u t e d  o r i f i c e s .  

sh is  the  (uniform) spacing Y 
The number 

and o r i e n t a t i o n  of the  orifices i s  selected independently by t h e  

number of  o r i f i c e  rows N,, the number of o r i f i c e s  pe r  row Nh, and 
.L . The cushion volume c o n s i s t s  of &P 

t h e  o r i e n t a t i o n  parameter 
t w o  p a r t s :  
( s t a t i c )  region,  
and ground p r o f i l e .  

an a c t i v e  (dynamically varying) reg ion  and a dead 

The a c t i v e  volume depends on the  t runk shape 
The dead volume, which i s  a des ign  v a r i a b l e ,  

inc ludes  recesses i n  t h e  cushion c a v i t y  as shown, 



Method of Approach 

The configuration of the cushion was described in the last 
section. Here, a description of the overall system and the initial 
steps taken to set up the analytical model are presented. 

The landing system forces transferred to the aircraft act 
through the cushion and trunk. 
trunk and cushion are divided into segments as shown in Figure 4 .  
Each straight section of the cushion and trunk is divided into 2M 

rectangular segments, while each curved end is divided into 2.N 

shaped segments, 
The cushion and trunk parameters are calculated first for each seg- 

To help calculate these forces, the 

pie- 
Thus the total number of segments is 4 (M + N). 

ment and then srtr-aed to give their total system values, 

The dynamic analysis of the vehicle system is best derived 
with the help of two orthogonal coordinate frames of reference: a 
coordinate frame fixed in space (inertial frame), and a coordinate 
frame fixed to the vehicle (vehicle frame) with origin at the 
aircraft CG, The reason for two frames can be appreciated by 
recognizing that 

(a) Newton's law for translational motion can be 
directly applied to the CG acceleration expressed 
relative to the inertial frame, 

The corresponding law for rotational motion can be 
applied more conveniently in the vehicle frame, be- 
cause rotational inertia about any vehicle axis is 
constant, while the rotational inertia about any 
inertial (fixed) axis varies with aircraft position. 

(b) 

Accordingly, the two frames of reference have been defined 

respectively 
as shown in Figure 5. 
craft CG has roll, yaw and pitch axes x, y and z 
fixed to the aircraft body as shown. 
responding axes X, Y and Z fixed in space. The two frames coin- 
cide only when the aircraft has not undergone any rotation from 

The vehicle frame with origin at the air- 

The inertial frame has cor- 

equilibrium. 
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Figure 4 .  Divis ion of Trunk i n t o  Segments 
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18 





Similarly, for forward motion 

where 

X '" "1.1 

and 

X is the aircraft CG 
' 5 J  forward direction 

motion in the inertial 

1.1 is the braking coefficient, 

For aircraft rotation.about the CG, the angular momentum theorem 
gives 

where 3 is the torque vector about the aircraft CG 

and 3 is the angular momentum vector- 

Substituting for the generalized angular momentum vector and 
expressing the above equation in matrix form gives 

where TX, T and TZ are the torque components acting about the Y 
vehicle x, y and I; axes 

.. c m .. .. 
0 ,  J I ,  d),  0 ,  $, and 9 are the roll, yaw and pitch velocities 
and accelerations along the vehicle x, y and z axes 
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and the  i n e r t i a  mat r ix  [I]  is given by 

=X 

I 
XY 

I Z X  

1 XY I Z X  

I 
Y Y Z  
I 

I Y= =z 

I , Iz are t h e  moments of i n e r t i a  of =x, y where 

the  veh ic l e  x ,  y and z axes,  

! 

t h e  a i r c r a f t  a long 

and are the  c r o s s  products  of i n e r t i a ,  IZX 

The t r a n s l a t i o n a l  equat ions of  motion, Eqns (1) and ( 2 ) ,  can 
be e a s i l y  i n t e g r a t e d  t o  give the  X and Y coord ina tes  of t he  
a i rcraf t  CG as a func t ion  of t i m e ,  I n t e g r a t i o n  of the r o t a t i o n a l  
equat ion  of motions, Eqn ( 4 1 ,  however is  less s t ra ight forward ,  be- 

cause t h e  end r e s u l t  of the  i n t e g r a t i o n  which is  angular  r o t a t i o n  
is n o t  a vec to r  and t h u s  cannot be uniquely def ined  by the  angles  
0 ,  9 and 9 as obta ined  from the  s o l u t i o n  of Eqn ( 4 ) .  I n  problems 
of t h i s  sort ,  i n  which it is  necessary t o  uniquely determine the  
o r i e n t a t i o n  of a body r o t a t i n g  about an a r b i t r a r y  (and moving) a x i s ,  
the d i f f i c u l t y  is  avoided by a ooordinate  t ransformat ion  which 
expresses  t h e  r o t a t i o n a l  equat ions i n  terms of Euler  angles.  
Euler  angles  s i g n i f y  nothing more than angular  r o t a t i o n s  about 
prescribed. axes e a r r i e d  out i n  a d e f i n e d  sequence .  
t i o n a l  angles ,  t he  d e f i n i t i o n  of a s p e c i f i c  sequence f o r  adding 
Euler  angles  a l lows t h e m  t o  uniquely f i x  the  o r i e n t a t i o n  of a body 
undergoing r o t a t i o n  about an a r b i t r a r y  ax is .  

Unlike conven- 
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The Euler angles and rotation sequence adopted for the subse- 
quent analysis is shown in Figure 6. 
fix the angular orientation of the aircraft are as follows: 

The three steps needed to 

1, Beginning-with the vehicle axes parallel to the inertial 
axes, the first Euler angle rotation qe is made about 
the inertial yaw axis Y which, at this stage, coin- 
cides with the vehicle yaw axis, y. Note that after 
making this rotation, the inertial and vehicle pitch 
and roll axes are no longer parallel, 

_ .  

2, The second Euler angle rotation ee is made about the 
vehicle roll axis x, Note that after this rotation, 
the inertial and vehicle yaw axes are no longer parallel, 
and the orientation between vehicle and inertial pitch 
axes has further changed, 

3,  The third Euler angle rotation $e is made about the 
vehicle pitch axis z, Note that after this rotation, 
the vehicle roll axis has been displaced from the posi- 
tion it had during Step 2, 

Thus, in summary, the first rotation is about the inertial 
yaw axis and the third rotation is about the final pitch axis; 
both of which are easy to identify. 
is about the i n t e r m e d i a t e  vehicle roll axis, which is different 
both from the inertial roll axis due to the rotation of Step 1, 
and from the final vehicle roll axis due to the rotation of 
Step 3 -  Of course, when only pitch-heave simulations are carried 
out (ioer, when roll excitation is not present), then the Euler 
roll and yaw angles are zero (qe = Be = 0) and the Euler pitch 
angle coincides with the usual inertial pitch angle 4 .  

The second rotation however 

With the above definition, the coordinate transformation can 
be carried out to give the relationship between the angular velo- 
cities in the vehicle frame ( 8 ,  6, 6) and the corresponding Euler 
angles and their derivatives. The derivation, which is presented 
in the Appendix shows that: 
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( c )  Third Rotation 

Figure 6. Coordinate Frame Rotation Sequence 
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iJ 

i 

$e sin cos EI + Qe cos 4e e e 

cos 4e cos ge - Be sin +e e 

- i sin ee i, e 

.e .. .. Relationships for vehicle frame acceleration (9, 9 and '$1 
also be obtained by differentiating the above equations with respect 
to time, When these relationships are substituted into Eqn ( 4 1 ,  

the differential equation can then be solved to give the Euler 
angle components, and thus fix the angular orientation 05 the air- 
craft as a function of time, 

Analytical Development 

The analytical model of the ACLS consists of a set of equa- 
tions which when solved determines the pressures, flows, forces 
and motion of the system as a function of time f o r  various air- 
craft and runway parameters. There are two parts to this model: 

(a) The S t a t i c  ModeZ, which comprises the relationships that 
determine the static characteristics of the system at 
equilibrium, In addition to providing design data these 
relationships also provide the initial conditions for 
the dynamic model. 

(b) The Dgnamic ModeZ, which comprises the differential 
equations of flow and motion (state equations) from 
which the pressures, flows, forces and motion can be 
determined. as functions of time. 

Before proceeding with the analytical development, it is 
helpful to divide the overall ACLS into two interrelated systems: 
the flow system and the force system. These systems are shown in 
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Figures 7 and 8. The flow system establishes the pressure-flow 
relationship for the various subsystems of the ACLS. The force 
system establishes the corresponding force-motion relationships. 
The interdependence of the two systems comes about because the 
trunk deflection obtained from the force system changes the vol- 
umes and orifice areas that form part of the flow system. 
ly, the cushion and trunk pressures found from the f l o w  system 
give rise to forces and moments that form inputs to the force sys- 
tem. With the definition of these two systems, the analytical 
development can now proceed. 
-and dynamic models are derived in the subsequent sections, The 
complete set of equations and symbol list is given in the Appendix. 

Similar- 

The primary equations.of the static 

'Fhe Static Model 

The equilibrium conditions are found as follows: 

(a) By satisfying the fan flow constraint, 

Qf, = (Pf) 

where the functional relationship is found from the 
static fan characteristic. 

(b) By applying the steady-state flow continuity equations 
to the plenum, trunk and cushion cavities (Figure 7 ) .  

+ Qpt + Qpc + Qv 

- 
Qpt - Qtc + Qta 

Qtc, 9 - 
Qca - Qpc 
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(e) By s a t i s f y i n g  t h e  t runk  
t runk  sides, 

( H ~ / H ~ ~ )  = f P P ( cl 4 

shape c o n s t r a i n t  for t h e  

(12)  

where t he  func t iona l  r e l a t i o n s h i p  is found f r o m  t he  
t runk  model described later. 

(dl From s ta t ic  force balance i n  

(Figure 5) 

where 

= (pc Ac 4- Pt Acn ) cos  

aircraft  mass 

the  v e r t i c a l  d i r e c t i o n  

cushion p res su re  

cushion area 

t runk  p res su re  

t runk  area i n  ground con tac t  

Eu le r i an  p i t c h  ang le  

Eu le r i an  r o l l  angle  

acce le ra t ion  of g r a v i t y  0 

(e) From s ta t ic  torque  balance i n  p i t ch  (Figure 5). 

(14 1 e cos (be cos  e - 
(Mag)cc - Tnz 

is  t h e  t o t a l  cushion and con tac t  pressure to rque  Tnz 
obta ined  by adding the  torque  con t r ibu ted  by each 

where 
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. *. 

segment of the fir he finite element trunk and cushion 
model, and is given by 

where - cushion pressure (gage) 

- trunk pressure (gage) 

Ac (i) - cushion area of the ith segment 

th Acn (i) - trunk contact area of the i segment 

xch (i) - x axis distance between the centroid 
of the it’ cushion segment and the 
geometric center of the cushion 

Xtk (i) - x axis distance between the centroid e 

of the ith trunk contact segment and 
the geometric center of the cushion 

4 (M+N) - number of segments in cushion and trunk 
model 
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(f) From static torque balance in roll (Figure 5 )  

cos $e cos Be (16) 

is the total cushion and contact pressure torque 

(M,4)Ff = -T nx 

Tnx where 
about the vehicle x axis, and is given by . 

i=l 

-+ Pt (Ao~)(~~~(i))a (17) 

where zch(i) - z axis distance between the centroid of 
th the i 

metric center of the cushion 
cushion segment and’the geo- 

Ztk(i) - z axis distance between the centroid 
of the ith trunk contact segment and 
the geometric center of the cushion 

and the other symbols are defined in (e) above. 

The Dynamic Model 

The state equations for the system are derived as follows: 



(a) BY satisfying the dynamic fan flow constraint (see 
"The Fan Model") 

L 

pf where 

(18) 

is the static fan pressure rise for the flow 

and 

Qfx 

is the pressure drop across the upstream 
orif ice 

'af 

P is the plenum pressure P 

is the fluid inertance of the fan ducts If 

(b) By applying the flow continuity equation to the plenum 
trunk and cushion cavities (Figure 7)- The dynamic 
continuity equation requires that the net inflow into 
the cavity equals the rate of increase of fluid mass 
within the cavity, 

d 
at (p%) = ( Qfx -, Qp, - QPt - Qpc - Qv ) P (19) 

2- dt (pvc) = (Qpc + Qt, - QCJP 



By satisfying the trunk shape constraint for the 
trunk sides, 

in the 

(12) 

From the dynamic force balance vertical direction 

cos 

(Figure 5) 

9 F + Fdf 
= (%p tP 

where F 
CP 

tP I? 

Fdf 

%t 

cushion pressure 'farce 

trunk contact pressure force 

aerodynamic drag force 

trunk damping force 

These forces are evaluated as follows: 

v3 m 
(Trunk damping where V is the heave velocity component. 

force is evaluated in the trunk model described 
later ) 
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(e) By applying the moment of momentum theorem about 
the vehicle pitch axis (Eqn ( 4 1 ,  with 
$ = $ = O a n d T  = 0 )  

Y 

- *zx [Tx + 5 (xy I 8 + I  Y Z  6 )]/(IXIZ - 122) (23) 

where tPX + Tdfx + Ttx + T  
=PX 

Tx = T 

- total torque on vehicle x-axis 

T - cushion pressure torque on vehicle 
CPX 

x-axis 

- contact torque on vehicle x-axis 

- torque due to aerodynamic force on 

tPX 
T 

*afx 

Ttx 

x-axis 

- torque due to trunk damping force on 
vehicle x-axis 

(f) By applying the moment r of momentum theorem about 
the vehicle roll axis \Eqn (4) with 
$ = J , = O a n d T  Y = 0 ]  

.. 
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where TZ is the total torque on the vehicle z axis whose 
components are defined analogous to those of Tx in 
(e) above. 

By carrying out a coordinate transformation and 
expressing the vehicle frame velocity and accelera- 
tion components in terms of Euler angles and their 
derivatives as discussed earlier, 

(9) 

i3 = Je sin +e cos ee + B e  cos +e 

$ = $, cos 4, cos e e  - B e  sin +e 

6 = 6, - $e sin ee 

( 5 )  

(h) BY applying Newton's Law to the pressure relief valve 
which is modeled as a second-order mass-spring- 
dashpot system with preload and nonlinear stops. 
The valve displacement is given by: 

.e 

mv x v i- Zv gv + kv xV = (.P - Ppb) Av 

subject to the constraint that limits valve motion 
within the range 0 _< xV _< xa. 

- relief valve mass mv where 

- valve damping constant 

- valve spring stiffness 

zV 

kv 
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- valve motion 
xV 

P - plenum pressure P 
- valve preload pessure (cracking pressure) 

Pb P 

- valve area 
AV 

The valve outlet diameter and discharge coefficient form 
external inputs to the model. 

Subsystem Models 

The Fan Nodel 

Almost all the work in the past has treated the €an as a static 
element, i-e., as a flow source whose output depends only on the 
instantaneous value of the backpressure, While this model is ade- 
quate for slowly changing pressures, it leads to unrealistically 
fast flow changes when the ACLS experiences touchdown, Clearly, 
during touchdown and other rapidly changing conditions, dynamic 
phenomena that introduce lags in the fan flow response become im- 
portant, and must therefore be included in the fan model, 

There are several levels of €an models that can be developed 
to characterize dynamic fan flow. 
model has been formulated, which characterizes the fan as a static 
pressure rise element in series with an inertance and capacitance 
as shown in Figure 9a. Flow from the atmosphere goes through an 
inlet orifice and then experiences a pressure rise in the static 
element as set by the steady-state fan characteristics. 
operation, the flow must also experience a pressure change due to 
the air mass that has to be accelerated. This is modeled by the 
stream tube inertance. 
changes the air mass contained in the fan passages, and thus affects 

In this work, a lumped parameter 

In dynamic 

Finally the compressibility of the air 
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the output flow. This characteristic is modeled by the volume 
(capacitance) of the fan passages. Thus, during static operation 
or when the pressure is changing very slowly, the output flow 
equals that found from the static fan curve. However, when the 
pressure changes suddenly, the air mass and compressibility intro- 
duce lags in the system and prevent instantaneous flow changes 
from taking place. 

Two simplifications that cin be carried out with this model 
are to add the fan volume (capacitance) to the plenum volume, and 
to increse the stream tube inertance to take into account any long 
ducts connecting the fan to the cushion, With these changes, the 

flow into the plenum is given by * fan 

the 

where 

and 

is the fan flow &fx 

is the static fan pressure rise Pf 

P is the plenum pressure 
P 

is the inertance of the fan and connecting 
ducts. 

If 

The drop across the upstream orifice (if present) is given by 
conventional orifice flow equation 
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is the orifice area A* where 

P is the air density 

and is the discharge coefficient 'du 

The static pressure rise Pf is found from the fan 
can be represented analytically by a polynomial fit of 

+ ab Pf + a2 Pf 2 + u3 ' 3  Pf 4- "* Tf 4 
Qfx = "0 

The inertance If is given by 

curve, which 
the form 

(28) 

where Rdf and Rdd are the lengths of the fan flow pass- 
ages and the fan-to-plenum duct respectively, and 
Adf and Add are their corresponding cross-sectional 
areas 

The above model is set up so that it can represent a variety 

No other test data or empirical relationships are 
of fans by using the appropriate characteristic for the static 
pressure rise. 
needed to quantify the model, because the inertance (and capacitance) 
are determined exclusively from fan geometry, 

In parallel with the analytical development, dynamic fan tests 
3 were carried out by NASA on a l m  / s  (2000 cfm) 5 kPa (100 psf) 

Joy axial flow fan (ref. 35). This fan was chosen because it powers 
the prototype cushion subsequently tested to verify the complete 
model. The test setup is shown in Figure 9b, It consists of the fan 
attached to a duct with a rotating damper (variable orifice) at the 
other end. A pressure tap and flowmeter are included to measure 
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the dynamic pressure-flow characteristic as the damper rotates at 
various speeds. Figure 10 shows the test data obtained when the 
damper opening was changed in increments, The high scatter in the 
left half of the curve occurs because flow stability in this re- 
gion is low, and pressure surges do not readily damp out. The 
test characteristic however is essentially the same as that ob- 
tained from the manufacturer. The figure also shows the poly- 
nomial fit (Eqn ( 2 8 ) )  used to characterize the static element of 
the model. The negative flow characteristic was estimated by 
determining the cross-sectional area of the flow passages and 
assuming that during pressure reversal the fan passages behave as 
orifices with a linear pressure drop characteristic. Figure lla 
shows the results as the damper is rotated continuously at various 
speeds. The solid line represents damper closing and the broken 
line damper opening. Perturbation frequencies (which correspond 

, 

to twice the damper speed) of 1 Hz and 5 Hz were used because 
they lie within the normal range of ACLS operation. The curves 
show a departure from the static characteristics, particularly at 
‘the higher frequency, The fan outlet pressure now depends both on 
the magnitude of the flow and its sense (i.e., increasing or de- 
creasing). Increasing flows result in a lower pressure rise than 
decreasing flows because in the former case, part of the static 
pressure rise is taken up in accelerating the air mass in the fan 
passages, while in the latter case, the air mass is being decelera- 
ted, and so gives up its kinetic energy to increase the pressure 
rise, Previous fan models have been unable to account for this 
behavior. The model developed here overcomes this drawback. Simu- 
lation results using actual values of inertance and capacitance 
(as found from the fan and test fixture drawings) are shown in 
Figure llb, 

As can be seen, the model predicts the right trends, and 
should therefore result in an improved simulation of touchdown and 
other rapidly changing situations. 
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The Trunk Model 

The trunk model determines the trunk shape parameters (volume, 
and orifice and contact areas), contact pressure distribution and 
damping that form 

Trunk Shape. 
developed for the 

inputs to the ACLS flow and force systems, 

- In past work, two analytical models have been 
trunk shape: The Membrane Trunk Model (ref. 11) 

and the Frozen Trunk Model (ref, 26). (The model of Coles is 
essentially a membrane model,) The shortcoming of both these 
analyses was that they modeled the side and end segments of the 
trunk in the same way while test data now confirm that the shorter 
curved end segments (front and rear) behave very differently from 
the longer, straight side segments. 
cross section measured at the center of the side and end segments 
as the load on the cushion is increased. The entire side segment 
tends to bow outward and avoid ground contact, while the end seg- 
ment remains virtually fixed, except for a flattening in the re- 
gion that actually touches the ground. This difference in behavior 
occurs because the front segment is much smaller than the side seg- 
ment and is curved, When the cushion pressure increases due to an 
increase in the load, the radially outward force causes the oval 
trunk planform to become more circular, as shown in Figure 13. 
This causes a hoop tension force 
phery. 
to the side excursion 6 
motion is negligible and the side segment can thus bow outwards 
relatively unrestrained. 
different, since the curvature of the segment causes the hoop ten- 
sion to have a much higher component opposing the motion, 
outward motion of the trunk ends is very much smaller, 

Figure 12 shows the trunk 

T to act around the trunk peri- 
In the side segments, this force acts substantially normal 

so that its component resisting the 
S 

In the end segments the situation is 

so that 

Since hoop tension has very little effect on side trunk mo- 
tion, the side segments can be considered as simple two-dimension- 
al membranes, as done in the Membrane Trunk Model. On the other 
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hand, the fact that hoop tension restrains (“freezes”) the trunk 
ends suggests that these segments be modeled by the Frozen Trunk 
Model: 
combine the two existing models and form the Hybrid Trunk Model, 
in which the sides are represented by the Membrane Model and the 
ends by the Frozen Model, 

Thus the logical step in trunk model improvement is to 

In static heave operation, as the load on the cushion in- 
creases, the trunk ends contact the ground while the sides bulge 
outwards (as shown in Figure 12) to maintain the cushion air gap 
that allows the inflow from the trunk to’ exhaust to the atnosphere, 
The amount of side trunk bulge (and hence cushion-to-atmosphere 
air gap) adjusts itself such that the resulting cushion pressure 
and cushion-to-trunk pressure ratio satisfies the conditions for 
free (non-contacting) trunk membrane equilibrium and cushion flow 
continuity. In dynamic operation (or in static pitch and r o l l )  a 
situation can exist when the ground clearance is too small for the 
free trunk membrane equilibrium conditions to be satisfied. 
this situation, the trunk must touch the ground and flatten. When 
modeling this case, only the trunk in the contact zone is consid- 
ered to deform, since trunk-ground friction will tend to prevent 
lateral trunk movement. 

In 

The Hybrid Trunk Model is essentially a limiting case analysis 
of trunk deflection. 
the middle of the respective segments, i.e., at the center of the 
side segments, where the trunk behaves very much like an ideal xem- 
brane, and at the center of the end segments, where the trunk shape 
is truly fixed. 
segments meet) the trunk will behave somewhere between the membrane 
and frozen trunk approximations. Although an additional refinement 
to model the transition region could be developed, it is appropri- 
ate first to check the results obtained with the basic hybrid 
model, to see whether transition effects are in fact important. 
With this view in mind the overall cushion geometry (height 

H Y and width 

In general, best results will be obtained at 

In the transition region (at and near where the 

Hw) as predicted by the Hybrid Trunk Model has been 

45 



compared with test data obtained with the prototype cushion. The 
results are shown in Figure 14 as a function of the cushion-to- 
trunkapressure ratio Pc/Pt. As the pressure ratio increases, 
corresponding to an increased load, the cushion height (which is 
practically equal to the trunk height) reduces, because the side 
trunk lobes move outward, and the end trunk is flattened. When 
the side lobes move out, the cushion width, which is the distance 
between the lowest points on the side trunk segments, increases, 
Because the end trunk is restrained from moving outwards, the 
cushion length remains virtually unchanged, Since the Hybrid 
Trunk Model predicts the actual cushion height and width within 
10 percent, there is little justification at this point for includ- 
ing transition region effects in the model. 

Contact Pressure. - In addition to trunk and cushion shape 
the trunk model also determines the pressure distribution in the 
ground contact zone. The analysis for pressure distribution is 
complicated by the fact that two separate effects must be consid- 
ered: direct trunk-ground contact caused by the trunk pressure 
forcing the trunk against the ground, and airflow throuqh the 
trunk holes into the interstices that remain in the contact zone. 
These two effects are first discussed separately and then combined 
into a single model for trunk contact pressure. 

When, two bodies in contact are acted upon by a force F, the 
actual contact occurs at a number of discrete regions rather than 
over the whole area, due to the inherent roughness of the contact- 
ing surfaces. This is illustrated in Figure 15a where the actual 
contact regions (area Al, A2 --- An) are spread over the nominal 
contact area A. The actual pressme distribution (Figure 15b) 
shows high pressure peaks in the contact regions 
and no pressure in the voids. Because the number of contact re- 
gions is large, it is conventional f o r  p u r p o s e s  of a f o r c e  balance 

= F/A acting as though 'av to define an average contact pressure 
the bodies were touching uniformly over the entire area A ,  as shown 

P1, P2 --- P n 
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in Figure 15c. In the event however that one of the bodies is 
porous, flow seepage can still take place through the voids in 
the contact zone, although of course as the average contact pses- 
sure increases, the void region and hence the flow will decrease. 
To help model this flow phenomenon, consider the flow through a 
porous plate held close to, but not touching the ground, as shown 
j=n Figure 16a, By symmetry, there is a stagnation point at the 
center in which the pressure rises to its original value 
Moving away from the center, the pressure decreases continuously 
until it reaches the ambient pressure 
plate, as shown in Figure 16b. Thus the driving pressure for flow 
through the $late at any point is given by the difference between 
the upstream pressure 
point . 

Pt. 

PA at the edges of the 

Pt and the pressure in the gap at that 

For a trunk in ground contact, both discrete contact regions 
and flow through the voids will exist, and a combined force/flow 
model as shown in Figure 17 will be required. This model combines 
the features of the discrete contact and porous plate models Cfe- 

scribed above. The pressure distribution under the trunk in the 
ground contact zone is assumed to be made up of two components: 
discrete pressure peaks where actual trunk-ground contact takes 
place, and a continuous pressure profile caused by trunk outflow 
through the voids. The assumed profile is shown in Figure 17b. 
For purposes of the force balance, a mean contact pressure acting 
over the nominal contact area can be defined as shown. This mean 
pressure, which is actually the integrated value of the pressure 
profile (including peaks), can be found very simply by considering 
the equilibrium of a flat segment of trunk in nominal ground con- 
tact (Figure 18). Isolating a short segment of trunk (area dA)? 
the mean ground pressure is found to equal the trunk pressure? 
since any force T in the trunk itself cannot have a component 
in the vertical direction. Of course, at the very edge of the con- 
tact zone, the change in trunk angle will introduce other terms in 
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Figure 16. Flow through Porous P l a t e  
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(a) Configuration 
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Figure 18. 
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the force balance, but, since this is a localized effect, its in- 
fluence on the mean pressure distribution is negligible. Thus, in 
Figure 17b the mean contact pressure is shown equal to the trunk 
pressure, so that the contact force on the trunk is given by the 
product of the trunk pressure and the nominal contact area. 

For purposes of trunk outflow calculation, the pressure pro- 
file in the non-contacting regions is approximated by a linearly 
decreasing relationship as shown in Figure 17b. 
sure for flow through any trunk hole is thus given by the differ- 
ence between the trunk pressure and the 'gap pressure at that loca- 
tion. 

The driving pres- 

As a check of the above hypothesis, tests were carried out to 
measure the base pressure distribution and reaction force of the 
trunk in ground contact, 
with manometers at various points in the contact zone, is shown in 
Figure l7c for different loads. Since the manometers only measure 
the fluid pressure and not the local contact presure, only the out- 
flow pressure component is observed. As predicted by the theory, 
this component rises from the cushion pressure at the inner edge, 
to a maximum at the center of the contact zone and then drops down 
to ambient pressure at the outer edge of the contact zone. 
mean pressure, also shown in Figure 17c, has been found by dividing 
the load supported by the trunk by the nominal contact area. The 
trunk load contribution was obtained by taking the total load and 
subtracting the cushion load component found from the product of 
the measured cushion pressure and area. As a final check, the load 
supported by the trunk and cushion as a function of the cushion-to- 
trunk pressure ratio is shown in Figure 19. 
the Hybrid Trunk Model with test data show that the theory pre- 
dicts the actual loads and load sharing between the trunk and 
cushion quite accurately (within about 10 percent), so that the 
contact pressure distribution model does not need further refine- 
ment at this time. 

The observed pressure profile, measured 

The 

The results comparing 
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Trunk Damping, - In dynamic operation, the trunk is deformed 
cyclically both in tension and flexure, and energy dissipation in 
the trunk material gives rise to a damping force which opposes the 
strain rate. Because the present trunk analysis does not solve 
for strain (and hence strain rate), a damping model that links 
trunk material properties directly to trunk damping forces cannot 
be developed. An alternate approach, in which the damping charac- 
teristics are modeled by dimensional analysis (similarity) based 
on test data thus appears more appropriate. In keeping with the 
method of approach outlined earlier, the trunk is divided into 
segments (Figure 20) and a series of dashpots -- one for each seg- 
ment -- is included in the model such that the segment damping 
force Fct is proportional to the vertical velocity Vt of the 
trunk segment. 

Each dashpot Be models the energy dissipation characteris- 
Although all parts of the trunk dissi- tic of the trunk segment. 

pate energy, the major contributions will come from those parts 
that undergo high stress reversals, since the strain rate is high- 
est in these sections, Observations of a trunk in dynamic opera- 
tion suggest that the high stress reversal regions lie along the 
periphery of the trunk-ground contact zone, because it is here that 
the rate of change of trunk slope (and hence stress) is high and 
constantly changing with the time as the contact area changes. 
a first order approximation, the damping model derived here 
assumes that all the energy dissipation in the trunk is concentra- 
ted along the trunk-ground contact periphery so that the damping 
coefficient of each dashpot depends on the perimeter of the 
ground contact zone. This means that when a segment is not con- 
tacting the ground it has zero damping, and when it is contacting 
the ground it has a damping coefficient proportional to the contact 
perimeter. Thus, the damping coefficient of the dashbot associated 
with the ith trunk segment is 

As 

Be 
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B,(i) = DcRc(i) 

D 
trunk , 

is a characteristic damping constant for the 
C 

where' 

and ac(i) is the perimeter of the ground contact zone 
for the ith segment. 

The value of the damping constant ,Dc will depend primarily 
on the material properties of the trunk, and correlation of exist- 
ing test data will provide an estimate of its value for the vari- 
ous types of trunks of interest. Although, at present, only 
limited data is available, the values of 
(see subsequent section on Parameter Evaluation) provide an ini- 
tial guide to the selection of this parameter. 

Dc thus far obtained 

The damping forces and torques required to evaluate Eqns ( 2 2 ) ,  
( 2 3 )  and (25 )  are given by 

= - C B~ (i) vt (i) 
i Fct 

- - - B~ (i) vt (i) xCx(i) 
i tx 

(30) 

and Zcx are the moment arms in pitch and roll, and xcx where 
the minus sign is included because damping forces and 
torques oppose the velocity. 
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Model Synopsis 

The Flow System (Figure 7) 

(a) The fan is characterized by a static pressure rise 
element for forward and back flow in series with an 
inertance (duct) and a capacitance (volume). 

The trunk and cushion volume are found from the Hybrid 
Trunk Model, which characterizes the side trunk segment 
as an ideal two-dimensional membrane and the end 
segment as a "frozen" trunk. 

(b) 

(c) The orifice areas between the trunk and cushion, trunk 
and atmosphere and cushion and atmosphere are found 
from the trunk shape as predicteq by the Hybrid Trunk 
Model, along with the cushion orientation and ground 
profile 

(d) The pressure within the cushion, trunk and plenum is 
considered to be uniform. 

(e) The pressure in the trunk/ground contact zone is found 
from the triangular profile given by the Hybrid Trunk 
Model. 

The flow through the plenum, trunk and cushion is gov- 
erned by the unsteady state flow continuity equation 
in which the air is assumed to behave like a perfect 
gas and follow a polytropic expansion relationship. 

The flow through all orifices is found from the incom- 
pressible flow square-law orifice equation. 

The pressure relief valve is modeled as a second order 
mass-spring-dashpot system with nonlinear stops. 
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. The Force System (Figure 8 )  

The mean contact pressure in the trunk/ground contact 
zone is equal to the trunk pressure. 

The trunk contact area and location relative to the 
aircraft CG is found from the trunk shape predicted 
by the Hybrid Trunk Model. 

The cushion area and location relative to the aircraft 
CG is found from the Hybrid Trunk Model. In width, the 
cushion extends between the lowest (ground tangent) 
points of the side trunk segments, In length, it ex- 
tends between the ground tangent points of the end trunk 
segments, or, if in ground contact, between the inner 
edges of the contact zone. 

The total forces and moments acting on the aircraft 
occur due to the mean trunk contact pressure acting over 
the contact area, the cushion pressure acting over the 
cushion area, aerodynamic drag and trunk damping losses 
caused by aircraft heave motion, and trunk-ground fric- 
tion, 

The forces and moments are found by dividing the cushion 
(and trunk) into segments, approximating the actual 
ground profile underneath the cushion by a similar set 
of segments parallel to the cushion, computing the 
cushion and contact pressure forces and moments for 
each segment, and then summing them to determine the 
total force and moment about the aircraft CG. 

The heave motion of the aircraft is found by applying 
Newton's law in the vertical direction to the aircraft 
CG , 
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(9) Angular accelerations in pitch and roll are obtained by 
applying the theorem of moment of momentum about the 
aircraft pitch and roll axes. 

A coordinate transformation is carried out to express 
vehicle frame velocities and accelerations in terms of 
Euler angles and their derivatives. 

(h) 

(i) The moment of momentum equations, expressed in terms 
of Euler angles are integrated to give the angular 
position of the aircraft as a function of time. 

TESTING 

Test Objectives and Plan 

The object of the testing was to obtain data on the operation 
of a prototype cushion to help develop and verify the analytical 
model. To minimize hardware costs, it was decided at the outset 
to use an existing cushion available from NASA rather than build a 
new one. The test prototype selected was a unit built by Boeing 
under an earlier Navy’contract. The main reasons for choosing this 
cushion for detailed study were that it was of a size suitable for 
laboratory testing, and had a very uniform molded plastic trunk 
free of seams, stitching or other anomalies. 

A test plan was drawn up with the following objectives in 
mind .I 

1, Parameter Evaluation 

e Trunk orifice discharge coefficient 

e Trunk damping constant 
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2. 

3 ,  

The 

Subsystem Model Development 

e Trunk shape in the side and end segments 

e Mean trunk-ground contact pressure and pressure 
distribution 

Overall Model Verification 

0 Static heave, pitch and roll stiffness 

e Peak values of pressures, ,displacement and accelera- 
tion in dynamic operation 

* 
test plan is summarized in Table 111. The tests in- 

cluded static tests, heave drop tests and pitch and roll moment 
release tests. The static tests provided key steady-state data, 
such as contact pressure distribution and trunk shape, needed to 
develop the trunk model. The dynamic tests provided time histories 
and peak values of pressures, displacement and acceleration which 
were used to verify the overall ACLS analysis. A key feature of 
the tests is that the modes are excited independently, so that 
coupling effects do not obscure the basic natural mode character- 
istics. 
out various modes and thus allowing the cushion to be tested in 

A test rig was designed to carry out this plan by locking 

pure heave, pitch and roll independently. A view of the test rig 
is shown in Figure 21. Details of the test hardware are given in 
the section that follows. 

* 
The test parameters are actual test values. 
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Figure 21, The Test R i g  
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T e s t  Hardware 

The Prototype Cushion 

The pro to type  ACLS s e l e c t e d  f o r  t e s t i n g  w a s  a u n i t  developed 
earlier by Boeing as p a r t  of a Navy c o n t r a c t  (ref. 28). A dia-  
gram of t h e  ACLS inc luding  d e t a i l s  of t h e  t runk  and f an  are shown 
i n  F igure  22 .  The u n i t  c o n s i s t s  of an aluminum frame which forms 
t h e  plenum and provides  t h e  attachment p o i n t s  €or t h e  t runk.  The 
f a n  is mounted d i r e c t l y  o n - t h e  plenum a t e o n e  end. 
i s  made of f a b r i c  r e in fo rced  molded polyurethane, i s  a t t ached  a t  
t h e  inne r  and o u t e r  per iphery  by means of m e t a l  r e t a i n i n g  s t r i p s  

The t runk ,  which 

bo l t ed  t o  t h e  plenum, and w a s  designed fo r  easy  removal and re- 
placement. 
o r i g i n a l  t runk  appeared t o  have been weakened through prolonged 
s to rage  i n  t h e  creased condi t ion  and ruptured  r epea ted ly  du r ing  
t h e  s ta t ic  p i t c h  tests. The i n i t i a l  f a i l u r e s  w e r e  r e p a i r e d  suc- 

c e s s f u l l y  us ing  a commercially a v a i l a b l e  two p a r t  polyurethane 
c a s t i n g  r e s i n .  Later, however, a major rup tu re  developed i n  t h e  
inne r  attachment zone and Lhe t runk had t o  be rep laced .  Fortunate- 
l y ,  a back-up t runk w a s  a v a i l a b l e .  S t a t i c  tests repeated wi th  
t h e  second t runk  gave r e s u l t s  v i r t u a l l y  i d e n t i c a l  t o  those  ob- 
t a i n e d  wi th  t h e  f i r s t  t runk .  Apparently due t o  better s t o r a q e ,  
t h e  backup t runk survived a l l  s t a t i c  and dynamic tests wi thout  

This  turned o u t  t o  be a very u s e f u l  f e a t u r e  s i n c e  t h e  

rup tu re .  

The ACLS (with fan)  weighed about  6 1  kg (135 l b s . )  e How- 
ever ,  dur ing  t e s t i n g  a counterweight w a s  added t o  balance t h e  o f f -  
c e n t e r  weight of t h e  f a n  and set t h e  nominal p i t c h  moment t o  zero.  
This  counterweight a long wi th  t h e  c o n s t r a i n t  mechanism of t h e  t e s t  
f i x t u r e  increased  t h e  t o t a l  weight t o  89 kg (195 l b s . ) .  The rota- 
t i o n a l  i n e r t i a s  of t h e  system about t h e  CG, c a l c u l a t e d  from mea- 
surements of i t s  angular  a c c e l e r a t i o n  as  a compound pendulum, w e r e  
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2 2 found to be 15.4 kg-m2 (11.38 slug-ft. ) in pitch and 4.53 kg-m 
(3.35 slug-ft ) in roll. The fan, which requires a 200V, 400 Hz, 
341, 35 KVA power supply was powered by a motor-generator set. 

2 

The Test Rig 

The test rig was designed to carry out static and dynamic 
testing of the ACLS both in the individual isolated modes (heave, 
pitch or roll) and in the coupled modes (heave-pitch or heave- 
roll). An overall view of the test rig is shown in Figure 23. 
It consists of a stand made of Unistrut channels reinforced by 
cross members, and supporting an aluminum frame to which is at- 
tached a transparent plastic (Plexiglas) baseboard at eye-level. 
A non-rotating linear bearing is fastened to the frame at the 
center of the baseboard, and a steel shaft (heave pole) which 
slides through the bearing is attached at its upper end to the 
cushion via a pivot and yoke assembly. The system was designed 
so that the pivot axis passes through the CG of the cushion, The 
function of the yoke is to allow the natural modes of motion to 
be isolated as follows: 

(a) Pure Heave. When the lower part of the yoke is 
bolted directly to the top plate of the cushion (Fig- 
ure 24a), the pivot is constrained from rotating, and 
the cushion can only move in heave as the heave pole 
slides through the linear bearing. Any desired pitch 
or roll angle for the cushion can be set by introduc- 
ing an appropriate shim or wedge between the yoke and 
top plate. In this mode, the cushion is raised or 
lowered by a hydraulic jack acting on the lower end 
of the heave pole. 

Pure Roll. When the bolts fastening the lower yoke to 
the top plate of the cushion are removed, the cushion 
is free to rotate in roll about the pivot (Figure 24b) . 
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(a) Pure Heave 

, 

(b) Pure R o l l  

Figure 24 The Yoke Assembly 
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In this mode, a collar clamped onto the heave 
j u s t  above the bearing sets the height of the 
and prevents vertical motion. 

pole 
cushion 

Pure Pitch. 
rotated 90°, and then reattached, the pivot orienta- 
tion then allows the cushion to rotate freely in 
pitch. 

Coupled Motion. Coupled heave-pitch or heave-roll 
motion is achieved by settingeup the system in the 
pitch or roll mode and removing the collar clamped 
onto the heave pole to allow it to slide through the 
bearing. 

When the yoke assembly is unfastened, 

The Instrumentation 

instrumentation used for the static and dynamic tests is 
summarized in Table IV and discussed below. 

Static Test Instrumentation. - In the static tests, pressures 
were measured with conventional U-tube manometers. In addition to 
measuring fan inlet and outlet pressure, plenum, trunk and cushion 
pressure, base pressure at five locations in the side and end 
trunk contact zone were also measured (see Figure 23b). Displace- 
ments were measured with a scale: directly for linear motion and 
indirectly (by measuring the excursion of a radial arm) for angu- 
lar motion. The load on the cushion (including its self-weight) 
was found by allowing the lower end of the heave pole to rest on a 
spring scale. 
height of the trunk above the baseboard at discrete points. This 
was done by means of the eleven profile pins (knitting needles) 
spaced 3.2 cm (1.25") apart along the baseboard under the trunk as 

The trunk shape was determined by measuring the 

shown in Figure 23a. Details of the profile measurement scheme are 
shown in Figure 25. The pins can be moved up or down to touch the 
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I 

i trunk, and are held in place by friction grommets. 
of the lower end (head) of the pins, which are equivalent.to the 

pin assembly is detachable, and can be positioned either under the 
side or end trunk segments, 

The positions 

i trunkaheight coordinates, are read off on a scale. The profile 

ii 

Dynamic Test Instrumentation, - A schematic diagram of the 
dynamic instrumentation system is shown in Figure 26, Signals 
from the transducers pass through signal processors and are re- 
corded on an eight channel strip chart recorder. Each signal 
processor consists of an amplification stage followed by a low-~ass 
Butterworth filter to cut out noise (Figure 27). Two types of 
processors were used depending on the strength of the transducer 
output signal. The pressure transducers and accelerometer, which 
have a low output, were connected to high gain processors (gain of 
loo), The linear and rotary potentiometers, which have higher 
outputs, were used with low gain processors (gain from 1 to 10). 

, 
, 

i 

I 

The instrumentation specifications are given in Table V. 
Strain gage pressure transducers were used to measure system pres- 
sures and communicated with the plenum, trunk, cushion, etc. 
through short plastic tubes. Acceleration was measured with a 
moving mass linear accelerometer. To measure angular acceleration, 
this unit was mounted a known distance away from the center of 
rotation so that the output could be converted to angular accel- 
eration by dividing by the moment arm. The linear potentiometer, 
which measures the heave displacement of the cushion was attached 
vertically to the aluminium frame, with the moving arm (wiper) 
attached to the lower end of the heave pole (see Figure 23). The 
rotary potentiometer, used to measure roll and pitch motion, was 
attached to a bracket on the yoke and connected to an extension of 
the pivot (see Figure 24b). 
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Amplifier 

I 
-01 pf I 

I I I  

Butterworth Filter I 

Trimmers of 

cessors 

A 
-10 
VDC I 

Specs : 

DC Gain 
R=270 KQ .............. 100 
R= 15 IQ .............. 1-10 

Max. Input Signal 
R=270 Ks1 .............. +O.lV - 
R= 15 Q ............... +1V 

Supply Voltage ........... +lOVDC 
Input Impedence 
Roll-off Frequency ....... 10 Hz 

- 
- .......... 27 IQ 

Figure 27. The Signal Processor 
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A l l  s i g n a l  l e a d s  w e r e  sh ie lded .  However, t h e  presence of 
high-current,  high-frequency power c a b l e s  going t o  t h e  f a n  made 
it apparent  t h a t  a low-pass f i l t e r  stage w a s  needed be fo re  t h e  
s igna ls  could be recorded. Trunk f l u t t e r  a lso induced no i se  i n  

ed i n  t h e  s i g n a l  processor .  
is  shown i n  Figure 28, Its r o l l - o f f  frequency ( 3  db bandwidth) 
w a s  se t  a t  10 Hz, s i n c e  t h i s  is about  t h e  upper . l i m i t  of t h e  
dominant ACLS f requencies  of i n t e r e s t .  

l 

I t h e  s i g n a l s .  For t h e s e  reasons,  a Butterworth f i l t e r  w a s  includ- 
The frequency response of t h e  f i l t e r  

1 

T e s t  Procedure 

The procedure followed t o  c a r r y  o u t  t h e  s ta t ic  and dynamic 
tests of Table I11 i s  given below. 

(a) Adjust  yoke t o  set appropr i a t e  mode (heave, p i t c h  o r  
r o l l ) ,  and angle  of a t t a c k  (heave t e s t  o n l y ) ,  

(b) R a i s e  cushion wi th  hydraul ic  jack  under heave pole .  

(c) Turn on power t o  f an  

(d) Inspec t  t runk  

(e) Lower  cushion slowly onto baseboard 

( f )  S e t  CG he igh t  and lock heave co l la r  ( p i t c h  and r o l l  
tests only)  

(9) S e t  cushion load (and moment) by adding ( o f f s e t )  weight. 

(h)  Take t runk  p r o f i l e  readings  ( s i d e  t runk)  (Sensor P1) 

(i) Take base p re s su re  readings  under s i d e  t runk (Sensor #2)  

( j )  Move p r o f i l e  p i n s  and base p re s su re  t a p s  t o  end t runk  
l o c a t i o n  
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Figure 28, Frequency Response of t h e  Siqnal  Processor 
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(k) Take trunk profile readings (end trunk) (Sensor P1) 

(1) Take base pressure readings under end trunk (Sensor #2) 

{m) Read fan inlet and outlet pressure and plenum, trunk 
and cushion pressure (Sensor #s 3-7) 

(n) Measure vertical position or angle (Sensor # 8 ,  9 or 10) 

(0) Remove cushion load 

(p) Unlock heave collar (pitch and roll tests only) 

(9) Raise cushion 

(r) Inspect trunk 

(s )  Turn off power to fan, 

Dynamic Tests 

(a) Adjust yoke to set appropriate mode and angle of 
attack 

Raise cushion to drop height with hydraulic jack 
(heave test) or set CG height and lock heave collar 
(pitch and roll test) 

(b) 

(c) Turn on power to fan 

(d) Inspect trunk 

(e) 

(f) Add unbalanced weight to cushion (pitch and roll tests 

Activate instrumentation and recording system 

only) 

(9) Release jack (heave test) or unbalanced weight (pitch 
and roll test) and allow oscillations to die down 

(h) Turn off instrunentation system 

(i) Unlock heave collar (pitch and roll tests only) 



_. 

(j) Raise cushion 

.(k) Inspect trunk 

(1) Turn off power to fan 

Test Results 

Parameter Evaluation 

Discharge Coefficient. - The discha’rge coefficient for the 
trunk holes can be easily found from the fan characteristic and the 
measured plenum and trunk pressures. 
off the ground, all the trunk holes discharge to the atmosphere. 
Prom the orifice equation, the discharge coefficient is given by 

When the cushion is high up 

where Q is the total flow 

A is the total trunk hole area 

P is the air density 

and (Pt-Pa) is the pressure drop across the trunk 
orif ices 

The flow Q which is a function of the plenum pressure P can 
be estimated from the static fan characteristic shown in Figure 10. 
Solving Eqn ( 3 4 )  for the high up test condition gives a trunk hole 
discharge coefficient of 0.76. 

P 

The discharge coefficient for cushion outflow through the 
clearance gap, however, cannot be found from the tests, because the 
gap area is unknown. However, since the trunk profile in the 
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cushion gap region is very similar to a two-dimensional converg- 
ing nozzle, the discharge coefficient for cushion outflow will 
be close to unity. Thus, when quantifying the analytical model, 
discharge coefficients of 0.76 and 1 have been used for the trunk 
and cushion gap orifices respectively. 

Trunk Damping Constant. - There are three damping mechanisms 
in ACLS: (a) backflow losses in the fan, (b) stagnation pressure 
losses due to cyclic flow through the orifices, and (c) energy 
losses due to cyclic deformation of the trunk*, 
test data to evaluate the trunk damping constant Dc (see 
Eqn. (30) ) ,  it is important to consider only those test modes 
where the first two components are negligible, so that the re- 
sults quantify the damping contribution of the trunk and not that 
of the total system. In heave vibration, all three damping com- 
ponents are present, because the fan can stall and the flow 
through the plenum and trunk orifices is changing. In pitch and 
roll, however, (as is shown later in Figure 36) the fan flow and 
plenum and trunk pressures remain constant, so that only the trunk 
damping component is present in these modes. Because the contact 
periphery in pitch is larger, it is more convenient to use the 
pitch test data to evaluate the trunk damping constant This 
was carried out by solving Eqns (30) and (32) to match the cyclic 
attenuation in pitch angle response (Test No. 2.2, Table III), 
which gave a trunk damping constant Dc of 0.15 kPa.s (3.2 lb 
sec/ft ) .  This value is for a fabric reinforced polyurethane 
trunk, which is non-stretching in tension, but very flexible in 
bending. Pitch data of another trunk (the Buffalo) were also 
analyzed to give a trunk damping constant of 8.4  kPa-s (176 lb 
sec/ft ) .  

When analyzing 

Dc. 

2 

2 This value is for a Nylon ply reinforced rubber trunk 

* 
If present, relief valve flow losses will be a fourth damping 
mechanism. 

83 



* 
made of two-way stretch material that is also flexiblein bending. 
Although additional trunk data is needed before the form of the 
damping model can be verified, the two initial results show the 
right'trend, because the more stretchable Buffalo trunk probably 
dissipates more internal energy 
for the trunk damping constant. 

and hence gives a higher value 

Trunk Shape and Base Pressure 

The test data confirmed that the trunk side segments behave 
differently from the end segments. As the cushion loading in- 
creases, the side segments bow outward while the end segments 
flatten (see Figure12). The base pressure distribution under 
the segments is also different. For the side segment, the cushion 
pressure drops down to ambient pressure very close to the ground 
tangent point of the trunk, as shown in Figure 29 e Thus, as men- 
tioned earlier, the ground tangent points form the side edges of 
the cushion, For the end segments, however, the base pressure 
under the trunk first increases and then drops down to the ambient 
level (Figure 30). There is thus a ground contact region under 
the end segments which provides an additional force component. 
This type of trunk behavior has already been discussed, and, in 
fact, formed the basis for the Hybrid Trunk Model developed ear- 
lier. 

Static Characteristics 

The static characteristics of the cushion are shown in 
Figures 31 to 33. Figure 31 shows the variation in cushion and 
trunk pressure as the load is increased. The cushion pressure, 

* 
Unlike the trunk tested in this program, the Buffalo trunk is 
designed as an "elastic" trunk, which draws itself tight against 
the aircraft fuselage when not inflated. 
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which is zero at no load, increases almost linearly up to the 
maximum test load. This increase in cushion pressure occurs 
because the cushion-to-atmosphere gap area reduces as the load 
is increased, so that the cushion pressure must rise to expel 
the inflow coming from the trunk. 
but begins to level off at the higher loads. This happens be- 
cause the fan is now operating near its maximum pressure point 
(see Figure 10) and large flow changes can take place without 
much change in pressure, 
cushion-to-trunk pressure ratio increases with load, the portion 

of the load carried by the trunk remains fairly constant at about 
30 percent (see Figure 19). This happens because the trunk con- 
tact area increases rapidly with load, while the cushion area is 
substantially constant, so that the products of pressure and 
area increase at roughly the same rate. 

The trunk pressure also rises 

It must be noted that although the 

In all tests, the plenum pressure was found to be equal to 
the trunk pressure because the plenxm-to-trunk orifice is very 
large e 

Figure 32 snows the hard surface clearance as a function of 
the load. 
tance between the trunk attachment points and the ground. The 
clearance decreases as the load increases due to compression of 
the trunk. The stiffness of the cushion, which is the inverse 
slope of the curve, starts initially at a low value and then in- 
creases as the trunk begins to stiffen. 

In this case, the hard surface clearance is the dis- 

Figure 33 shows the pitch and roll angle as a function of 
the applied moment. 
ing the moment up to its maximum value and then reducing it. 
data shows a little hysteresis, probably due to nonuniform retrac- 
tion of the trunk caused by friction in the contact zone. As 
expected, the cushion is much stiffer in pitch than in roll, 

The tests were carried out first by increas- 
The 
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primarily because the restoring forces in pitch have a much long- 
er moment arm, because the cushion is four times longer than it 
is wide. 

Dynamic Characteristics 

The dynamic tests consisted essentially of heave drop tests 
and pitch and roll moment release tests. 
put for the 6" heave drop test is shown in Figure34. The first 
observation on this data is that the first four cycles following 
the drop are different from the remainder of the vibration. This 
is because the initial impacts with the ground have sufficiently 
high kinetic energy to cause the fan to-stall and delay the pres- 
sure rise. 
impact energy, so that, after a few cycles, the remaining kinetic 
energy is below the fan stall threshold, so a non-stall vibration 
with faster pressure recovery takes place. Another conclusion 
reached from the data is that heave damping is very low and after 
the major perturbations have attenuated, the system exhibits a low 
amplitude limit cycle instability. 

The chart recorder out- 

Each stall cycle however, dissipates a part of the 

The stall behavior of the system can be explained with the 
help of Figure 35. 
starts from A on the static characteristic and moves along locus 
A B C as the trunk hits the ground and the flow is reduced. 
the trunk starts moving upwards, after the impact, the flow 
increases and the fan operating point moves along locus C D E. 
The cushion has now bounced back up, and the flow returns to its 
initial value, A. 

and trunk is small, the trunk pressure is practically equal to the 
fan outlet pressure. 
plotted as shown in Figure 35b, which is very similar to the ob- 
served trunk pressure variation shown in the insert. Thus the 
first trunk pressure peak B corresponds to the maximum pressure 
the fan can generate when the flow is reducing, and the second 

In Figure 35a, the operating point of the fan 

When 

Since the pressure drop between the fan outlet 

The trunk pressure variation can then be 
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Test U2.1 -- 6" Heave Drop 

. . . .  

9 2  

* 
Figure 34. Dyiiamic T e s t  Record (Heave) 



Dynamic Characteristic 

Static Characteristic 

\ 
\ 
\ 
\ 
\ 

Fan Flow 

a) Fan Operation During Impact 
1 ,  

Time 

b) Trunk Pressure 

Figure 35. The Stall Behavior of the Cushion 
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peak D corresponds to the maximum €an pressure when the flow is 
increasing. 
tudes is because, in one case, part of the static fan pressure 
rise is taken up in accelerating the flow, while in the other, 
deceleration of the flow adds an extra component to the static 
pressure rise, 

The fact that these two peaks have different magni- 

The trough C in the trunk pressure corresponds to the low 
flow point of the fan locus, This is verified by observing that 
the fan inlet pressure, which is a measure of the flow, has 
dropped sharply when the plenum pressure is at a minimum, 

This behavior seen in the drop tests confirms the earlier 
fan test results that formed the basis for the dynamic fan model. 

The stall behavior of the fan also causes the cushion pres- 
sure and acceleration during impact to have two peaks rather than 
one. As the cushion approaches the ground, the pressure and 
accelerating force begin to rise, Then, as the fan stalls, 
(locus B C ,  Figure 35a) the flow through the system reduces and 
the cushion pressure and accelerating force reduce. At point C 

on the fan curve, the pressure and acceleration reach a minimurn, 
and then begin to rise as the fan recovers (locus C D). Finally, 
when the cushion bounces back up, the gap area increases and the 
cushion vents to the atmosphere, causing the cushion pressure to 
drop to zero, so that the system moves under gravity acceleration 
only. The heave displacement, however, does not show a double 
peak during stalled ground impact because the force variation 
takes place too quickly for the system to respond. There is how- 
ever, a difference between the first four stall cycles and the 
remainder of the vibration; the difference being in the energy 
lost by damping. During each stall cycle, the system dissipates 
about 35 percent of its initial energy, as seen by comparing the 
successive heights of the rebound. This energy is dissipated 
through three mechanisms: hysteresis losses during fan stall, 
energy dissipation in the orifices, and flexural losses in the trunk. 
After about 80 
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about four cycles) fan stall does not occur, so one of the energy 
loss mechanisms is eliminated and system damping i s  reduced, 
In fact, when fan stall is eliminated, the net damping is so low, 
that the system is only marginally stable, and can be excited to 
execute low amplitude limit cycle oscillations, as seen in the 
latter part of the drop test record. 

Typical pitch and roll moment release tests are shown in 
Figure 36. The fan flow, as measured by the fan inlet pressure, 
remains constant, independent of angle,.and so the plenum and 
trunk pressures also do not change. The cushion pressure, which 
starts out at zero because the cushion vents to the atmosphere 
when the pitch or r o l l  angle exceeds a certain value, rises up 
to its equilibrium value as the moment is released and the cushion 
aligns itself parallel to the ground. The angular acceleration 
and displacement show a conventional damped vibratory response. 
System damping in pitch or roll is higher than in heave and a 
limit cycle instability does not occur. 

VERIFICATION OF AXALYSIS 

Computer simulations of the principal test cases of Table I11 
were carried out to check the validity of the analysis and identi- 
fy the strengths and weaknesses of the analytical model. 
results also give a rough idea of the accuracy that can be expec- 
ted from the analytical predictions. 

The 

The Static Model 

Figures 37 and 38 compare theory and experiment for the 
static loading of the system in heave. The first €igure shows 
the variation in hard surface clearance, and the second figure 
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Test 82.2 - 
41.4 nu (2.350) Release 

Figure 36 .  D y n a m i c  T e s t  Record (P i t ch  and Roll) 
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Test #1.1 (Heave) 
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Figure -;8. Static Model Verification -- Cushion and Trunk Pressure 
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shows the corresponding cushion and trunk pressures as the load 
is increased. The theory agrees reasonably well with experiment; 
the deflection and cushion pressure being within 10-15 percent 
from their test values, and trunk pressure predictions being even 
more accurate. Figure 39 shows the static pitch and roll angles 
as a function of the applied moment. The agreement here is not 
as good as in heavep with the analysis underestimating the angular 
deflection by 30-40 percent. The reason for this difference lies 
in the simplifications made in formulating the trunk model, in 
which the end segment is modeled as a frozen membrane due to the 
restraining effect of hoop tension. In fact, hoop tension drops 
off when the cushion is rotated in pitch or roll, so that the 
frozen approximation is less realistic in these modes than in 
heave because the reduced hoop restraint makes the trunk less 
stiff in angular deflection, 

The Dynamic Model 

Figures 4 0  and41 compare the dynamic simulation results 
with the test records for the 15 cm (6") heave drop test. A 

10 Hz low pass filter was included in the simulation to account 
for the test filter used to cut out noise. The first figure 
shows the dynamic trunk and cushion pressure history following 
the drop. As mentioned earlier, the first four vibration cycles 
have sufficient energy to bring about fan stall, which gives a 
characteristic dual peaked shape to the trunk and cushion pres- 
sure waveform. Then, after sufficient energy has been dissipated 
so that the fan backpressure does not exceed the stall threshold, 
the remainder of the vibration takes place without stall. The 
analysis predicts this behavior remarkably well, including the 
dual peaked waveform and the transition from stalled to non- 
stalled operation. The period of the stall cycle is also accu- 
rately predicted. Figure 41 compares theory and experiment for 
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Trunk Pressure -- Analysis 
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Figure 40. Dynamic Model Ver i f ica t ion  -- Trunk and Cushion Pressure 
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Displacement -- Analysis 
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t h e  heave a c c e l e r a t i o n  and displacement,  H e r e ,  too, t h e  a n a l y s i s  t h e  heave a c c e l e r a t i o n  and displacement,  H e r e ,  too, t h e  a n a l y s i s  
agrees w e l l  w i th  t h e  test. The a c c e l e r a t i o n  waveform is s i m i l a r  
t o  t h a t  of t h e  cushion p res su re  because a major p a r t  of - t h e  ac- 
c e l e r a t i o n  i s  caused by t h e  cushion pressure  a c t i n g  over t h e  
cushion area, Thus, t h e  a c c e l e r a t i o n  waveform also e x h i b i t s  t h e  
c h a r a c t e r i s t i c  dua l  peaked s t a l l  c y c l e s  followed by t h e  u n s t a l l e d  
v i b r a t i o n .  The heave displacement shows t h e  reduct ion  i n  damping 
between the  i n i t i a l  and f i n a l  c y c l e s  of the s imula t ion .  Like t h e  
experiment, t h e  i n i t i a l  cyc le s  are more damped because of t h e  
energy loss associated w i t h  fan  s t a l1 , awhi l e  t h e  remainder of t he  

v i b r a t i o n  has  much less damping and f i n a l l y  settles down to  a l o w  
amplitude l i m i t  cyc le  o s c i l l a t i o n ,  

. 

Figure 42 shows the comparison between theory  and experiment 
f o r  t h e  41.4 m r  (2.35O) p i t c h  moment release test .  The a n a l y t i c a l  - 
r e s u l t s  confirm t h a t  f an  dynamics i n  p i t c h  are i n s i g n i f i c a n t  be- 

cause t h e  t runk  pressure  (and hence f a n  back pressure)  remains 
s u b s t a n t i a l l y  cons t an t .  The s imula t ion  i s  a b l e  to p r e d i c t  t h e  
cushion pressure  and displacement h i s t o r y  very w e l l ,  a l though 
peak a c c e l e r a t i o n  e s t ima tes  a r e  h igher  than  t h e i r  measured va lues ,  
apparent ly  due t o  t h e  s i m p l i f i c a t i o n s  i n h e r e n t  i n  t h e  t runk dam-  
p ing model, 

Although t h e  complete t i m e  h i s t o r y  of v i b r a t i o n  provides  very 
use fu l  d a t a  on ACLS opera t ion ,  the  real  value of  t h e  model a s  a 
design tool l ies  i n  i t s  a b i l i t y  t o  determine t h e  peak l e v e l s  of 
the c r i t i c a l  cushion parameters during touchdown and s l i d e o u t ,  
For in s t ance ,  t h e  maximum trunk pressure  and dynamic t runk de- 

f l e c t i o n  form direct  inpu t s  t o  the layout  and s t r u c t u r a l  design 
of t h e  t runk.  S imi l a r ly ,  the impact va lue  of heave a c c e l e r a t i o n  
and p i t c h  r o t a t i o n  provide a very qood i n i t i a l  i n d i c a t i o n  of the 

smoothness and s t a b i l i t y  of the landing.  It is  t h e r e f o r e  appro- 
p r i a t e  t o  eva lua te  t h e  model based on i ts  a b i l i t y  to  p r e d i c t  t h e  

peak parameters of i n t e r e s t .  
and o the r  key parameters as a func t ion  of t h e  drop h e i g h t  (heave) 
or release angle  ( p i t c h  and roll). Figure 43 shows the maximum 
impact d e f l e c t i o n  o f  t h e  cushion (below equ i l ib r ium) ,  which i s  

Figures  4 3  t o  4 7  show peak va lues  
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equ iva len t  t o  t h e  maximum reduct ion  i n  hard s u r f a c e  clearance. 
When compared wi th  t h e  normal (s ta t ic)  c l ea rance ,  t h i s  parame- 
ter w i l l  show how close t h e  a i r c r a f t  comes t o  hard s u r f a c e  
c o n t a c t  during landing. As can be seen,  agreement between 
theory and experiment is  very  good. Figure 4 4  shows t h e  peak 
t runk  and cushion p res su re  caused by impact. 
shows t h e  r i g h t  t r ends ,  although it tends  t o  underest imate  t h e  

The s imula t ion  

cushion pressure  by 1 0  - 25 percent ,  Figure 45 shows t h e  peak 
a c c e l e r a t i o n  and frequency a s soc ia t ed  with t h i s  a c c e l e r a t i o n  
(i.e.,  t h e  s t a l l  f requency) .  The frequency is  p red ic t ed  q u i t e  
c l o s e l y  -- wi th in  a margin of  about 20  percent .  The acce lera-  
t i o n  tends t o  be somewhat above t h e  measured va lue ,  a l though the  

a c t u a l  d i f f e r e n c e  may be smal le r  than  t h a t  shown because com- 
p l i ance  i n  t h e  members and j o i n t s  of t h e  aluminum cushion body 
(between t h e  load  p o i n t s  and the  accelerometer mount) can reduce 
t h e  measured a c c e l e r a t i o n  t o  a l e v e l  below t h a t  of a t r u l y  r i g i d  
s t r u c t u r e .  Figures  46 and 47 show t h e  peak angular  a c c e l e r a t i o n s  
and n a t u r a l  f requencies  i n  r o l l  and p i t c h ,  The n a t u r a l  frequen- 
cies agree q u i t e  w e l l :  t h e  theory p r e d i c t i n g  p i t c h  frequency 
w i t h i n  a margin of 25 percent  and r o l l  frequency even more ac- 
c u r a t e l y .  R o l l  frequency a t  t h e  lower release angles  i s  n o t  
shown because t h e  test d a t a  w a s  so damped t h a t  a complete cyc le  
of o s c i l l a t i o n  was n o t  a v a i l a b l e  t o  estimate t h i s  parameter. Peak 
angular acce le ra t ions  are no t  p red ic t ed  as w e l l  as t h e i r  co r re s -  
ponding f requencies ,  suggest ing t h a t  t h e  t runk  damping model may 
need improvement. Unfortunately,  as mentioned earlier, a more 
s o p h i s t i c a t e d  damping model cannot be developed u n t i l  a more 
advanced trunk deformation model i s  der ived .  Since t h e  p r e s e n t  
t runk model g ives  good r e s u l t s  f o r  most of t h e  o t h e r  p a r a z e t e r s ,  
a major increase i n  s imula t ion  complexity may n o t  be j u s t i f i e d .  

A summary of  t he  p r e d i c t i o n  error bound f o r  t h e  va r ious  parame- 
ters discussed above is qiven i n  Table V I .  The s t a t i c  model va lues  
r ep resen t  t h e  d i f f e r e n c e s  between theory and experiment f o r  t h e  
s t eady- s t a t e  condi t ion .  The dynamic model va lues  (except  f r e -  
quency) r ep resen t  t he  corresponding peak l e v e l s  caused by impact 
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f 

Parameter 

Clearance Reduction 

Trunk Pressure 

Table VI 

Model Verification Summary 

Prediction Error Margin 

Static Model Dynamic Model 

10 - 15% <5% 

<5% 10 - 15% 

Stall Frequency (Heave) 

Pitch Frequency 

R o l l  Frequency 

Cushion Pressure 

N/A 

N/A 

N/A 

Pitch Angle (Acceleration) 

Roll Angle (Acceleration) 

I I 10 - 15% I 10 - 25% 
30 - 50% 
20 - 50% 

(>50%) 

(40 - 50%) 

I N/A I 10 - 30% I Heave Acceleration 

10 - 20% 
25% 

<5% 



I 

(heave drop or moment release). Yith t h e  except ion of angular  
a c c e l e r a t i o n ,  which is  d i f f i c u l t  t o  p r e d i c t  because t h e  t runk  
damping mechanism i s  very complex, t h e  o t h e r  ou tpu t s  of t h e  
s imula t ion  compare w e l l  w i t h  test da ta ;  agree ing  i n  m o s t  cases 
wi th in  a margin o f  10-25 percent .  The s imula t ion  t h e r e f o r e  should 
se rve  as a valuable  design and eva lua t ion  tool  f o r  improving ACLS 
performance. 

MODEL USE 

I n  t h i s  s e c t i o n ,  some t y p i c a l  s imula t ions  of landing and 
t a x i  dynamics are presented,  t o  show t h e  k inds  of r e s u l t s  t h a t  
can be obtained when the  a n a l y t i c a l  model is used t o  s imula te  a 
f u l l - s c a l e  ACLS a i r c r a f t .  Rather than  choose an a r b i t a r y  con- 
f i g u r a t i o n ,  t h e  a c t u a l  Buffalo a i rc raf t  w a s  s e l e c t e d  f o r  simula- 
t i o n .  The i n p u t  d a t a  were c o l l e c t e d  from published r e p o r t s  ( r e f .  
5) and through d i scuss ions  wi th  t h e  XC-SA (Buffalo)  P r o j e c t  Of f i ce  
a t  Wrigfit-Patterson A i r  Force B a s e .  Simulations w e r e  c a r r i e d  o u t  
t o  determine 

(a) The s t a t i c  characteristics of t h e  ACLS 

(b) The touchdown and s l i d e o u t  dynamics f o r  a 4 1  m / s  
(80 k n o t s ) ,  85 m r  ( 5 0 )  nose up landing  wi th  a s i n k  
rate of about  1 m / s  (3.5 ft/sec) . 

and (c) The behavior of t h e  system during t a x i  a t  3 m / s  
( 6  knots )  over  an ungraded runway wi th  a 23 c m  ( 9  i n )  
bump. 

Although t h e  Buffalo ACLS i s  powered by t w o  independent a i r  
sources ,  t h e  s imula t ions  w e r e  c a r r i e d  ou t  assuming t h a t  t h e  sources  
shared t h e  load  equa l ly .  Also, t h e  e f f e c t s  of t runk  e l a s t i c i t y  
(see footnote  on page 8 4 )  were n o t  taken i n t o  account. 
l i b r ium c h a r a c t e r i s t i c s  of t h e  Buffalo obtained f r o m  t h e  s t a t i c  
model are shown i n  Table V I I .  The s l i g h t  o f f s e t  between t h e  
a i r c r a f t  CG and geometric center of t h e  cushion g ives  t h e  a i r c r a f t  

The equi-  
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a s l i g h t  nose-up i n c l i n a t i o n  a t  rest. 
is t h e  pumping power t h a t  would be r equ i r ed  by an  i d e a l  fan.  The 
a c t u a l  power w i l l  t hus  be h igher  t han  t h i s  va lue  due t o  losses i n  
t h e  fan.  The f a n  s t a l l  margin i s  t h e  maximum pe rcen t  i nc rease  i n  
backpressure t h a t  t h e  f a n  can experience without  s t a l l i n g .  
4 8  shows t h e  s t a t i c  d e f l e c t i o n  of t h e  Buffalo as t h e  load and mo- 
ment a r e  changed. The main conclusion emerging from t h e  s t a t i c  
a n a l y s i s  is t h a t  t h e  a i r c r a f t  has  very low s t i f f n e s s  i n  r o l l  -- 
a conclusion t h a t  was confirmed through t h e  tests,  and which l e d  
t o  a wingt ip  sk id  r e t r o f i t  t o  increase.  r o l l  s t a b i l i t y .  The rea- 
son f o r  t h e  shape of t h e  r o l l  d e f l e c t i o n  curve can be understood 
from t h e  t runk  model. 
e f f e c t  is t o  reduce t h e  a i r  gap under one of t h e  s i d e  trunk seg: 

ments, while  i n c r e a s i n g  t h e  Tap under t h e  o the r .  
t h e  opera t ing  c h a r a c t e r i s t i c s  t h e  cushion does n o t  genera te  any 
appreciable  r e s t o r i n g  moment, a s  shown by t h e  i n i t i a l  v e r t i c a l  
p a r t  of t h e  curve.  Then, as t h e  gap under t h e  lower s i d e  t runk  
segment becomes very smal l ,  t he  segment begins  t o  bow outwards 
and subsequently touch t h e  ground, t hus  i n c r e a s i n g  t h e  r e s t o r i n g  
moment, A t  even l a r g e r  angles ,  t h e  cushion p res su re  begins t o  
drop because t h e  h igher  s i d e  t runk segment i s  w e l l  o f f  t h e  ground, 
thereby vent ing t h e  cushion. I n  t h i s  ope ra t ing  reg ion ,  t h e  r o l l  
s t i f f n e s s  begins t o  reduce again as shown by t h e  curve.  

The t h e o r e t i c a l  fan  power 

Figure 

When a r o l l  moment i s  app l i ed ,  t h e  f i r s t  

I n  t h i s  p x t  of 

The landing  dynamics of t h e  system are shown i n  Figure 49. 
From an i n i t i a l  nose-up a t t i t u d e ,  t h e  touchdown p i t c h  moment 
causes t h e  a i r c r a f t  t o  p i t c h  forward t o  a maximum nose-down p i t c h  
angle  of 45 m r  ( 2  1/2O). The p i t c h  d i s tu rbance  Llen d i e s  o u t  dur- 
i ng  s l i d e o u t  and braking.  Xowever, when t h e  a i r c r a f t  comes t o  a 
s t o p  (about 9 seconds a f t e r  touchdown), t h e  braking f o r c e  (and 
moment) disappear  and t h e  a i r c r a f t  undergoes a second pitch-heave 
v i b r a t i o n ,  coming t o  rest with t h e  f i n a l  nose-up a t t i t u d e  a s  pre- 
d i c t ed  by t h e  s t a t i c  model. From Figure 4 9 ,  t h e  maximum inc rease  
i n  t runk pressure  du r ing  landing  is found t o  be (420-360)/360 = 

- 

1 7  percent .  S i n c e  t h e  t runk pressure  i s  p r a c t i c a l l y  equal  t o  t h e  
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fan backpressure, it can be concluded that fan stall will not 
occur because the stall margin of 22 percent is not exceeded. 

The taxi dynamics of the system are evaluated by considering 
the case shown in Figure 50a, in which the aircraft crosses a 
ramp-like irregularity, This type of irregularity provides both 
gradual excitation and a sudden change. The irregularity length 
was chosen slightly smaller than the cushion length so that, for 
some duration, the entire obstacle would be contained entirely 
within the cushion. The heave and pitch motion response is shown 
in Figure 50b. Point A marks the spot where the leading edge of 
the cushion first touches the ramp. This causes the nose to 
pitch up and the aircraft CG to rise. Because the excitation is 
gradual, the change is relatively smooth. At point B, the front 
of the cushion goes over the edge of the ramp, so there is a 
sudden change in the pitch angle as the nose begins to drop down. 
The CG of the system also drops as the cushion pressure is re- 
duced by the sudden gap area increase at the front. At point C, 
the trailing edge of the cushion begins to move up the ramp, 
thus raising the system CG but continuing to increase the nose- 
down pitch angle. Finally, at point D, the back of the cushion 
goes over the edge of the ramp thus causing a sudden drop in CG 
elevation and restoring the aircraft to its normal pitch orien- 
tation, When crossing the obstacle, the aircraft CG rises by a 
maximum of about one-half the obstacle height, and the peak (nose 
down) pitch angle reaches a value of about 45  mr (2 1/2O) , 

The main conclusions that emerge from the Buffalo simula- 
tions are as follows. 

e The aircraft will have poor roll stability. 

0 In equilibrium, the aircraft will maintain a slight 
nose-up attitude. 
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Figure 50. Taxi Dynamics of Buffalo ACLS 
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The theoretical (minimum) fan power (both fans com- 
bined) will be about 800 kW (1000 hp). 

The maximum (nose-down) pitch angle during landing 
will be about 45  mr ( 2  1/2O). 

Under normal landing conditions, fan stall will not 
occur. 

Peak landing accelerations will be on the order of 

The trunk will have to withstand peak pressures of 
about 20 kPa ( 3  psi). 

Although taxi behavior depends on the field roughness, 
the satisfactory negotiation of a 23 cm (9 in.) bump 
suggests that the aircraft will be able to operate 
from rough fields, 

CONCLUSION 

A heave-pitch-roll analysis and computer simulation has been 
developed to evaluate the landing and taxi dynamics of an ACLS 
aircraft, 
have a major effect on system performance. Comparison with zero 
forward speed test data shows that the model can predict most of 
the key system parameters within a margin of 10-25 percent. 

Initial results have shown that fan dynamics and stall 

The simulation can now be used as an analytical tool, to 
evaluate existing configurations and develop new designs that 
overcome current shortcomings such as low angular stiffness and 
poor stability. Concurrently with design development, additional 
test data should be obtained in two important areas, to complete 
the verification of the analysis. These areas are: 

119 



e The stall and backflow characteristics of ACLS fans 

a The effects of forward speed on ACLS dynamics 

When this work is complete, NASA will have available the 
r technology base needed to implement practical and efficient ACLS 

€or any aircraft application of interest. 

120 



APPENDIX 
THE EQUATIONS OF THE HEAVE-PITCH-ROLL MODEL 

Symbol L i s t  

a - Horizontal  d i s t a n c e  between inner  and o u t e r  
t runk at tachi ient  p o i n t s  

1 

A - Area 

- Area of f a n  i n l e t  o r i f i c e  %f 

%ll 

Ac - Cushion area 

- Area of t runk  i n  ground c o n t a c t  

- Area of d u c t  connecting f a n  t o  plenum Add 
Adf - Crossec t iona l  a r e a  of f an  flow passages 

A - O r i f i c e  area, cushion t o  atmosphere (gap area) 
9 

Ah - Area of t runk  hole  

Pa 

PC 

A - Orif ice  area, plenum t o  atmosphere 

A - O r i f i c e  area, plenum t o  cushion 

A - Projected heave area of a i r c r a f t  

A - O r i f i c e  area, plenum to  t runk  
Ph 

P t  
At - Trunk c r o s s e c t i o n a l  area 

Ata - O r i f i c e  area, t runk  t o  atmosphere 

Atc - O r i f i c e  area, t runk  t o  cushion 

Au - Upstream o r i f i c e  a rea  

Av - Relief  va lve  area 

A t o  All - Trunk c r o s s e c t i o n a l  area components 1 
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B - 
b - Vertical d i s t a n c e  between inne r  and o u t e r  

t runk attachment p o i n t s  

ang le  t ransformation f a c t o r s  

Be Damping c o e f f i c i e n t  of t runk  segment 

Caf - Fan i n l e t  o r i f i c e  d ischarge  c o e f f i c i e n t  

Cc - X a x i s  d i s t a n c e  between a i r c r a f t  CG and cushion 
center 

Cd - Drag c o e f f i c i e n t  f o r  heave motion of a i r c r a f t  

- Discharge c o e f f i c i e n t  of upstream o r i f i c e  'du 
- X a x i s  d i s t a n c e  between aerodynamic drag  c e n t e r  

cfx and a i rc raf t  CG 

C f z  - Z-axis d i s t a n c e  between aerodynamic drag  c e n t e r  
and a i r c r a f t  CG 

- Discharge c o e f f i c i e n t  f o r  cushion t o  atmosphere 
cg flow 

- Discharge c o e f f i c i e n t  f o r  plenum t o  atmosphere 
flow 

- Discharge c o e f f i c i e n t  f o r  plenun t o  cushion flow 
cPC 
C - Discharge c o e f f i c i e n t  f o r  plenum t o  t runk  flow 

P t  
Cta - Discharge c o e f f i c i e n t  f o r  t runk  t o  atmosphere 

flow 

1 2 2  



d -  

dx - 

F -  

- 
F -  

CP - 
Fct 
F -  

CY 

Fdf 
F -  

ey 

- 

Ff - 
F -  

t P  
- 

FX 

FZ 

F -  
Y - 

9 -  

G -  
g 

Discharge c o e f f i c i e n t  fo r  t runk  t o  cushion f l o w  

Rel ief  valve d ischarge  c o e f f i c i e n t  

Distance between inne r  t runk  attachment p o i n t s  

Width of s t r a i g h t  t runk  segment 

Trunk damping cons t an t  

Force 

Equilibrium vertical  cushion force 

Force on a i r c r a f t  due t o  cushion p res su re  

Trunk damping force along v e h i c l e  y-axis 

Tota l  f o r c e  along v e h i c l e  y-axis 

Aerodynamic drag f o r c e  along v e h i c l e  y-axis 

Tota l  f o r c e  along i n e r t i a l  y-axis  

Z-axis d i s t a n c e  between a i rc raf t  CG and c e n t e r  
of cushion 

Force on a i rcraf t  due t o  t runk  c o n t a c t  p re s su re  

Force a c t i n g  along i n e r t i a l  X-axis 

ACLS f o r c e  i n  t h e  i n e r t i a l  vertical  d i r e c t i o n  

Force a c t i n g  along i n e r t i a l  Z-axis 

G - 
Gravi ty  a c c e l e r a t i o n  

y-axis d i s t a n c e  between a i r c r a f t  CG and cushion 
c e n t e r  
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H w i  

HX 

- 
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H -  
Y 

H -  
Y 

€ 3 -  
Y i  

H Z  - 

e11 - 
I f  - 
Is - 
I t  - 
I X  

- 

I -  
Y 

H - 
Angular momentum vector about t h e  CG 

Cushion width 

Cushion width a t  no load 

Angular momentum component a long v e h i c l e  x-axis 

V e r t i c a l  d i s t a n c e  between hard s u r f a c e  and 
lowest p o i n t  of t runk  

Angular momentum component along v e h i c l e  y-axis  

Value of H a t  no load 
Y 

Angular momentum component along v e h i c l e  z-axis 

I n e r t i a  mat r ix  

Iner tance  of a i r  i n  f a n  duc t s  

Segment l o c a t i o n  i d e n t i f i c a t i o n  number 

Segment type  number 

Moment of i n e r t i a  of a i rc raf t  about  t h e  v e h i c l e  
x-axis 

Moment of i n e r t i a  of a i r c r a f t  about t h e  v e h i c l e  
y-axis 

Moment of i n e r t i a  of a i r c r a f t  about  t h e  v e h i c l e  
z-axis 

Cross products  of i n e r t i a  of t h e  a i r c r a f t  w i th  
r e s p e c t  t o  t h e  x ,  y and z axes of the  v e h i c l e  

1 2 4  
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C 

'dd 

'df 
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P 

R2 

R4 

LS 

mV 

M 

Ma 

N 

3 Nh 

Nr 

K - 
Poly t ropic  exponent f o r  a i r  expansion 

Rel ief  v a l v e  spr ing  s t i f f n e s s  

Trunk he igh t  des ign  cons t an t  

P e r i m e t e r  of t runk  c r o s s e c t i o n  

P e r i m e t e r  of t h e  ground c o n t a c t  zone f o r  each 
t runk  segment 

Length of duc t  between f a n  and plenum 

Length of f a n  flow passages 

Pe r iphe ra l  d i s t a n c e  f r o m  i nne r  t runk  at tachment  
p o i n t  t o  f i r s t  row of t runk  ho le s  

Pe r iphe ra l  l eng th  of t runk  sector (cushion s i d e )  

Per iphera l  l eng th  of t runk  sector (atmosphere side) 

Distance of hard su r face  from ground datum 

Length of s t r a i g h t  segment of cushion 

M - 
Mass of p re s su re  r e l i e f  va lve  

Half t h e  number of segments i n  each s t r a i g h t  
s e c t i o n  of t h e  t runk  

A i r c r a f t  m a s s  

Half t h e  number of segments i n  each curved 
s e c t i o n  of t h e  t runk  

Number of t runk  o r i f i c e s  per  r o w  

Number of rows of t runk  o r i f i c e s  
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N- - Number of r e l i e f  valves 

N1 - N u m b e r  of t runk  o r i f i c e  r o w s  communicating wi th  

N2 - N u m b e r  of t runk  o r i f i c e  rows communicating wi th  

rl: 

cushion 

atmosphere 

P - 
Pa - Atmospheric p re s su re  

- Pressure  drop across f a n  upstream o r i f i c e  'af 
Pav - Average c o n t a c t  p re s su re  

P, - Cushion p res su re  

Pf - Sta t i c  p re s su re  rise a c r o s s  f a n  

P - Plenum pressure  
P 

P - Relief  va lve  preload p res su re  
Pb 
Pt - Trunk p res su re  

Q - Flow 

Qca - Flow from cushion t o  atmosphere 

Qf - Fan flow 

- Flow from f a n  t o  plenum 
QfP 
Qfx - S t a t i c  f a n  flow 

- Flow from plenum t o  atmosphere 
QPa 

- Flow from plenum t o  cushion 

- Flow from plenum t o  t runk 

Q,, - Flow from t runk  t o  atmoshpere 

QPc 

QPt 

Qtc - Flow from trunk t o  cushion 

Qv - Flow through p res su re  r e l i e f  va lve  
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r - Radius 

R - 

R - Radius of equiva len t  c i r c u l a r  c r o s s e c t i o n  t runk  

R1 - Radius of t runk  sector (cushion s i d e )  

R2 - Radius of t runk  sector (atmosphere s i d e )  

S - Per iphe ra l  l eng th  of cushion 

s h  - Spacing between t h e  r o w s  of t runk  ho le s  

Sv - R e l i e f  va lve  pe r iphe ra l  l e n g t h  

t - T i m e  

T - Hoop t ens ion  i n  t runk 

T - Torque vec to r  about  t h e  a i r c ra f t  CG 
+ 

T - Cushion p res su re  torque about v e h i c l e  x-axis  CPX 
T - Cushion p res su re  torque  about v e h i c l e  z-axis CPZ 

- Aerodynamic torque  about v e h i c l e  x-axis Tdf x 
- Torque due t o  aerodynamic drag  Tdf z 

T f z  - Torque due t o  t runk  con tac t  f r i c t i o n  

- Cushion and c o n t a c t  p re s su re  torque  about v e h i c l e  

- Cushion and con tac t  p re s su re  torque  about  v e h i c l e  

Tnx x-axis 

T 
_- - 

z-axis 

tpx x-axis 

nz 

T - Trunk c o n t a c t  p re s su re  torque  about v e h i c l e  

T - Trunk con tac t  p re s su re  torque  about  v e h i c l e  
tpz z-axis 
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- Trunk damping torque  about v e h i c l e  x-axis 

Ttz - Trunk damping torque  about  v e h i c l e  z-axis 
Ttx 

Tx - Torque component about  v e h i c l e  x-axis 

T - Torque component about  v e h i c l e  y-axis 

TZ - Torque component about  v e h i c l e  z-axis 
Y 

3 u - Unit vec to r  a long in te rmedia te  a x i s  dur ing  
Euler  ang le  r o t a t i o n  i 

-+ 
uy - Unit vec to r  along i n e r t i a l  Y-axis 

3 
Unit v e c t o r s  along vehicle x r  y r  and z axes  

3 

V - Heave v e l o c i t y  component of a i rc raf t  

Vc - Cushion volume 

V - Plenum volume 

Vt - Trunk volume 

Vt - V e r t i c a l  v e l o c i t y  of t runk segment 

Vr - Veloc i ty  of t runk  ( con tac t )  segment c e n t e r  

P 

r e l a t i v e  t o  a i r c r a f t  CG 

x - V e h i c l e  r o l l  a x i s  

xa - R e l i e f  va lve  s t o p  c learance  

- R e l i e f  va lve  motion 
xV 
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X - I n e r t i a l  r o l l  a x i s  

X - A i r c r a f t  CG motion i n  t h e  i n e r t i a l  forward 
cg d i r e c t i o n  

xch - Longitudinal  d i s t a n c e  between c e n t e r  of p re s su re  

Xcx - Longitudinal  d i s t a n c e  between segment c e n t e r  and 

and cushion c e n t e r  

cushion c e n t e r  

Xe - Horizontal  d i s t a n c e  from c e n t r o i d  of t runk  
c r o s s e c t i o n a l  area to  i n n e r  t runk  at tachment  
p o i n t  

X - Ground p r o f i l e  l o c a t i o n  coord ina te s  

Xt - X-axis d i s t a n c e  between’the c e n t e r  of t h e  t runk  
c o n t a c t  a r e a  segment and t h e  c e n t e r  of t he  
cushion 

Xtk - Lateral d i s t a n c e  between c e n t e r  of t runk  c o n t a c t  

g 

p re s su re  and cushion c e n t e r  

X coord ina tes  of c e n t r o i d s  of t runk  cross-  
s e c t i o n a l  a r e a  components 

y - Vehic le  yaw a x i s  

Y - I n e r t i a l  yaw a x i s  

Y - A i r c r a f t  CG displacement i n  t h e  i n e r t i a l  v e r t i c a l  
cg d i r e c t i o n  

Y - Ground p r o f i l e  height  coord ina te  
4 

Y - Hard s u r f a c e  c learance  
gh 



z - Vehicle  p i t c h  a x i s  

Z - I n e r t i a l  p i t c h  a x i s  

Z - Distance along i n e r t i a l  Z a x i s  

zch pressure  and cushion c e n t e r  

cg 
- Lateral d i s t a n c e  between c e n t e r  of cushion 

Zcx - Lateral d i s t a n c e  between segment c e n t e r  and 
cushion c e n t e r  

- Ground p r o f i l e  l o c a t i o n  coord ina te  
zg 
Z t  - z-axis d i s t a n c e  between t h e  c e n t e r  of t h e  t runk  

c o n t a c t  segment and t h e  c e n t e r  of t h e  cushion 

Ztk - Lateral d i s t a n c e  between c e n t e r  of t runk  c o n t a c t  
p re s su re  and cushion c e n t e r  

- R e l i e f  va lve  damping cons t an t  
zV 

Greek 

c1 - Fan curve polynomial c o e f f i c i e n t  

6 - Angle subtended by curved t runk  segment 

6 - Angle between cushion a x i s  and curved t runk  
segment 

- End t runk  excursion 6e 
- Side t runk  excursion 

p - A i r  d e n s i t y  

8 - Roll angle  about v e h i c l e  x-axis  

- Euler ian  r o l l  angle  

p - ACLS braking c o e f f i c i e n t  

4 - P i t c h  angle  about v e h i c l e  z-axis 

- Euler ian  p i t c h  ang le  'e 
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* -  

w -  

( 9  

d 
dt 

Yaw ang le  about v e h i c l e  y-axis 

Eu le r i an  yaw ang le  

Angular v e l o c i t y  

Angles subtended by t runk  s e c t o r s  

Other 

Veloc i ty  

Accelerat ion 

Refers t o  

Vector 

Refers t o  

Refers t o  
i n  ground 

Refers t o  

ith segment of t runk  

i n i t i a l  o r  equi l ibr ium value 

value of v a r i a b l e  when t runk  is  n o t  
c o n t a c t  

change i n  value of v a r i a b l e  caused 
by trunk-ground con tac t  

D i f f e r e n t i a t i o n  wi th  r e s p e c t  t o  t i m e  
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To 

THE STATIC MODEL 

The Trunk Model 

facilitate the analysis, the trunk is divided into eight 
sections as shown in Figure 51. Each section is divided into 
segments: M segments per straight section and N segments per 
curved section, 
4(M+N). The location of each trunk segment (i.e., right or left, 
front or rear) can thus be identified by the section number Is. 
The type of each segment (i,e,, straight or curved) is denoted 
by the binary variable I&, 

Thus the total number of trunk segments is 

A value of I+ = 0 represents a curved 
L 

segment, while It = 1 represents 
each segement clockwise starting 
trunk gives the following values 

Segment No. (i) 

L 

a straight segment. Numbering 
from the center of the rear end 
of t' Is and I 

Section No. 
(Is) 

Type 
(It) 

1 
0 
0 
1 
1 
0 
0 
1 

The above grouping is subsequently used to keep track of 
the location and type of the segments when determining the 
moments generated by the cushion, 
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Figure 51. Trunk Sections ( B o t t o m  V i e w )  
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! 

Crossec t iona l  Shape 

Without Ground Contact - (a) The Side  Trunk - The shape of 
t h e  s i d e  t runk ,  made up of t w o  c i r c u l a r  arcs (Figure  52a ) ,  i s  

The def ined  by t h e  four  independent parameters a, b, 2, and H 

f i r s t  t h r e e  parameters are c o n s t a n t s  f o r  any given des ign ,  whi le  
t h e  f o u r t h  i s  found ' the  p re s su re  r a t i o  through a membrane analy- 
sis (ref. 11) of t h e  s i d e  t runk.  The t runk  h e i g h t  H can be 
expressed as 

Y *  
I 

Y 

*ylHyi = f (Pc/Pt) 

where 

H 
Y 

H 
Y i  

Pc/Pt 

t runk he ight  

t runk he igh t  a t  Pc = 0 ,  and 

cushion-to-trunk p res su re  r a t i o  

(A-1) 

The above func t iona l  r e l a t i o n s h i p  i s  found by simultaneous 
s o l u t i o n  of t h e  following t e n  equat ions;  t h e  f i r s t  n ine  f o r  
geometric compa t ib i l i t y  and t h e  t e n t h  f o r  f o r c e  equi l ibr ium.  

R1 9, = R1 

R* 9, = R 2  

El + R 2  = R 
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(A-2) 

(A-3 1 

(A-4) 

(A-5) 



T 
y!3h 

I 

tc- a4 
T- 

b + 
HY 

(a) N o  Ground Contac t  

(b) With Ground Contact 

Figure 52. Trunk Shape 
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B1Cos($l-~/2) + = a (A-6) 

(A-7) 

(A-8) 

(A-10) 

(b) The End Trunk - The shape of t h e  end t runk is  a l s o  made 
up of two c i r c u l a r  arcs and def ined  by t h e  fou r  independent 

However, because t h e  end t runk parameters a ,  b,  2,  and H 

shape i s  independent of t h e  pressure  r a t i o  ( f r o z e n ) ,  t h e  t runk  
he igh t  H i s  constant .  

Y .  

Y 

H = K  
Y 

(A-11) 

where K i s  t h e  design va lue  of t h e  end t runk  height .  For t h e  
s imula t ions  descr ibed i n  t h i s  r e p o r t ,  H i s  taken t o  be equal  Y 
to H y i *  
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With Ground Contact - When the va lue  of H as c a l c u l a t e d  Y' 
* from Equation (A-1) or  (A-111, exceeds t h e  a v a i l a b l e  ground 

c learance ,  t h e  t runk  shape changes due t o  ground con tac t .  I n  
keeping wi th  t h e  assumption of t h e  hybrid t runk  model, ground 
con tac t  on ly  a f f e c t s  t h e  shape i n  t h e  c o n t a c t  zone, and causes  
t h e  t runk  t o  conform with t h e  ground contour as shown i n  
F igure  52b. I n  t h i s  s i t u a t i o n ,  

H = Y (i) 
Y gh 

(A-12) 

Segment Center Distance 

The segment c e n t e r  d i s t a n c e  X c x ( i )  and Z c x ( i )  (F igure  4 )  are 
found as follows. 

Sec t ion  1 (Is = 1) 

X c x ( i )  = -L,/2 - (d/2 + R2 S in@2)  C o s G ( i )  (A-13) 

(i) = (d/2 + R2 Sin$2)  Sin S ( i )  (A-14) 
zCX 

where 

S ( i )  = ( i -O .S)B ,  and 

Sec t ion  2 (Is = 2 )  

X c x ( i )  = -Ls/2 + (i-0.5-N) dx (A-15) 

Z c x ( i )  = R2 Sin$2 + d/2 (A-16) 
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where 

dx = Ls/2M 

Section 3 (Is = 3 )  

(i) = (i-N-M-0.5) dx xcx 

zcx (i) = R2 Sin+2 + D/2 

Section 4 (Is = 4 )  

(A-17) 

(A-18) 

(i) = Ls/2 + (d/2 + R2 Sin+2) SinG(i.1 (A-19) 
xCX 

(d/2 + R2 Sin+2) CosGCi) (A-20) 

where 

6 (i) = (i-N-2M-0.5) f3 

Section 5 (Is = 5) 

Xcx(i) = Ls/2 + (d/2 + R2 Sin+2) CosG(i) (A-21) 

(i) = (d/2 + R2 Sin+2) SinG(i) (A-22) zcx 

where 

6 (i) = (i-2N-2M-0.5) B 
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I 

Section 6 (.I, = 6) 

(A-23) Xcx(i) = Ls/2 - (i-3N-2M-0.5) dx 

(A-24) 

Section 7 (Is = 7) 

(A-25) 

ZcCx(i) = -(R2 Sin+2 + d/2) (A-26) 

Section 8 (Is = 8) 

Xcx(i) = - Ls/2 - (d/2 + R2 Sin+2) SinG(i) (A-27) 

%X (if = -(d/2 + R2 Sinb2) CosG(i) (A-28) 

where 

6 (i) = (i-3N-4M-0.5) B 

Hard Surface Clearance 

The hard surface clearance for each segment, Y (i), is 
gh found from the position of the ACLS ( X  Y 

the ground profile (Figure 53). This is carried o u t  in three 
steps . 

ee, @e) and from cg' cg' 

The parameters X (i) , Zg(i), !L4(i) and the orientation 
of vectcsr D"A for each segment are calculated g 
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Angular Pos i t i on  of 
(Vehic le  Frame 

r'igure 33.  H a r d  s u r r a c e  clearance 
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The ground profile coordinates and DA are used to 
calculate the length CA 

The hard surface clearance for each segment is then 
given by a4(i)-CA 

1 The results of the analysis give 

- [R4(i) + G ] b21 + [Zcx(i) - Ff] b31 (A-29) 
g 

- p4(i) + G ] b23 + [zcx(i) -Ff] b33 (A-30) g 

(A-31) 

where bmvnv the transformation factors that convert from the 
vehicle frame to the inertial (Euler Angle) frame are given by 

= Cos+, Cos$e + Sine, SinQe Sin$ bll e 

b12 = Sin$, case, 

b13 e e = -Sin$ Cos$e + Sina, Sin4 cos$, 

= Sin$e Cos$, Sine - Sin4 Cos$e b21 e e 
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b22 = CosOe Gosee 

b23 = SinO, Sin$, + Cos$, Cos$, Sine, 

The length CA is given by 

where the ground coordinate Y (i) is fbund from the profile 
53 

relationship 

c -n 

The hard surface clearance is then given by 

Ygh(i) = il,(i) - CA 

(A-33) 

(A-34) 

Areas and Volumes 

The orifice areas and cushion and trunk volumes, for a 
particular trunk orientation, are calculated independently for 
each segment and then combined to give the total system value. 
For convenience, some of the areas and volumes are divided into 
two components - the i component and the r component (denoted by 
the subscripts i and r). The i values are calculated assuming 
that the trunk segment under consideration is out of ground 
contact. The r values represent the changes in the segment areas 
and volumes due to trunk-ground contact. The actual segment 
areas and volumes are found by subtracting the respective r 
values from the i values. The total areas and volumes are deter- 
mined by combining the areas and volumes for each segment. For 
example 
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(A-3 5 1 

where 

Vt = t o t a l  t runk  volume 

V t i ( i )  = i value  of t runk  volume f o r  ith segment 

Vtr (i) = r va lue  of t runk  volume f o r  ith segment 

( V t r ( i )  = 0 if ith segment i s  n o t  i n  ground con tac t .  ) 
' S i m i l a r  r e l a t i o n s  hold good f o r  cushion area, Ac; cushion 

Other parameters,  such as Atc, g o  
volume, Vc; and gap a r e a ,  A 

Atat Atae '  Atcc' 
s t ep .  

and Acn are tal-culated d i r e c t l y  i n  a s i n g l e  

Without Ground Contact - From Figure 54, t h e  t runk eross-  
s e c t i o n a l  a r e a  A t i ( i )  i s  given by 

= A 1 - A  + A 3  - A4 + A5 (A-36) Ati (i) 2 

where 

A4 = Xb/2 
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A 

PI 
u 

0 

A 

rt 
a, a 
0 
E 

u 
c 
0 u 
Y 
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I1 

\9 

146 



I - 
A5 - 

and 

x =  
b(a - R2 Sin$2) 
b + H  -R1 Y 

The trunk volume for the ith segment is given by 

where Xe is the horizontal distance of the centroid of the area 
Xe is calculated as Ati 

follows 
from the inner trunk attachment point. 

(A-38)  AIXl - A2X2 + A3X3 - A X + A5X5 4 4  - 
Ati (i) xe - 

where X1, X2, etc., are the X coordinates of the centroids of 
the areas AI, A2, etc., respectively. 

- 
x1 - 

- 
x2 - 

- 
x3 - 

- 
x5 - 

R2Sin$2 - 4Sin 2 c$2/2) R2/3$2 

0.6667 R2Sin$2 

a - 0 . 3 3 3 ~  

R2Sin$* + 0 . 3 3 3  (a - R2Sin$2 - X) 
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The cushion area for the ith segment is given by 

(d/2 + R2Sin42) dx ; It = 0 

(d/2 + R2Sin42)2 8/2 ; It = 1 
Aci(i) = (A-39) 

To calculate the trunk-to-cushion flow area it is necessary 

The number of rows of holes communicating with the 
to start with the number of trunk holes communicating with the 
cushion. 
cushion is given by the integer value of ( R  - 2  / S  ) + 1. The 
number of communicating holes is [ ( .e - R  /S ) + l] Nh. 
to-cushion flow area for the ith segment is thus given by 

2 P h  
The trunk- 

2 P h  

for It = 0 

and 

Atci(i) = integer [':he, + 11 NhAh 

f3 (d/2 + R2Sin421/S 

for It = 1 

where S, the cushion periphery, is given by 

S = 2Ls + 2n(d/2 + R2SinOZ) 
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The trunk-to-atmosphere flow area for the ith segment is 
given by 

Atai(i) = Nr%Nh . dx/S - Atci(i) (A-41) 

for It = 0 

and 

B(d/2 +’ R2Sinr$2) 
s 

Atai(i) = N,AhNh . - Atci(i) (A-41) 

for It = 1 

The cushion-to-atmosphere flow area (gap area) for the 
ith segment is 

Finally, the cushion volume f o r  the ith segment is given 

Vci(i) = Y (i) (d/2 + R2Sinr$2 - A1 + A2) dx (A-43) gh 

for It = 0 

and 

Vci(i) = 
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. .  

where 

- XIAl - X2A2 
A1 - A2 x12 - 

With Ground Contact - Ground c o n t a c t  occurs  when Y ( i )< H 
gh Y 

€or t h e  t runk  s i d e s ,  or Y (i) < K f o r  t h e  t runk  ends. With 
ground con tac t ,  t h e  t runk  c ross - sec t iona l  area changes as 

gh 

follows: 

where A6, A 7 ,  etc. ,  are t h e  areas of  t h e  sectors shown i n  
F igure  54, 

A7 

A8 

A9 

A 1 O  

Rf + 4 / 2  

(R1 - €3 + Y g h ( i ) )  
Y 2 R1Sinrb4 

R f s / 4  
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and 

The r value of the trunk volume Vir(i) is calculated as 
follows 

It = 1 

It = 1 

(A-47) 

151 



where Xer and Xbr are t h e  X-coordinates of t h e  c e n t r o i d s  of 
area 

- - A6X6 - A7X7 AllXll - A I O X I O  
'br A6 - A7 -t- - A10 

(A-49) 

and X6,  X7,, e tc , ,  are X coord ina tes  of t h e  areas Ag, A,, etc., 
r e spec t ive ly .  

X6 = R2Sin$ - 4Sin2 ( 1 $ ~ / 2 )  2 

X7 = R2Sincp2 - 0.333R2Sin$3 

= R2Sincp2 + 4s in2  (cp4/2) '8 

X9 = R2Sin$2 + 0.333RLSin$4 

'10 = R2Sincp2 + R1/2 

= R2Sin$2 + 4Sin  2 ( 8 / 4 )  R1/1.5s xll 

The r va lue  of t h e  cushion area A c r ( i )  is given by 

dxR2S incp 3 : I t = Q  

3 

; I t = l  

(A-50) 
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The number of trunk orifice r o w s  communicating with the 
cushion N1, is given by 

- 43R2 + 1 N1 = integer (A-51) 

The area of the trunk orifices communicating with the cushion 
(for the ith segment) is given by 

Similarly, the number of orifice rows communicating with 
the atmosphere N2 is given by 

- R + R P  + (Nr-l) Sh - I $ ~ R ~ ]  
N2 = + 1 (A-53) 

’h 

The value of the trunk-to-atmosphere area for the ith segment is 

th The orifice area communicating with the cushion for the i 
segment is given by 

- 2  
Atcr (i> = integer (“2sh + 1) NhAh dx/Si 

for It = 0 (A-55) 
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- 2  
%cr (i) = integer ("zSh p + 1) Nh% 

for It = 1 (A-55) 

Similarly the orifice area for the ith segment communicating 
with the atmosphere is given by 

- Atcr (i) for It = 0 (A-56) 

(i) = N N A B(d/2 + R2SinrP2)/S - Atc(i) Atar R h h  

- Ata(i) - Atcr(i) . for It = 1 

The r value of the clearance gap area is given by 

(A-56) 

(A-57) 

The above equation is easily derived when it is recognized that 
ground contact blocks off the gap area. 

The r value of the cushion volume is given by 

- dx (A6-A,) ; I t = O  
(A-58) Vcr(i) - - 

- B(d/2 + Xcr) (A6-A7) ; It = 1 
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where 

The trunk-ground contact area on the cushion side of the 
contact zone is given by 

Acni = R2Sin43 dx for I = 0 (A-59) t* 

- (d/2 + R2Sin+2 - R2Sin~3) 2 (A-59) 

for It = 1 

The trunk-ground ccntact area on the atmosphere side of 
the contact zone is 

Asnr (i) = R1Sin$4 dx (A-60) 

for It = 0, 4, - a/2 

Acnr(i) = - (c3/2 + R2Sin$2 + R1SinG4) 2 
2 

- (d/2 + R2Sin42) 2 (A-60) 
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Acnr (i) = R1 dx (A-60) 

€or It = 0,  +4  > 

A c n r ( i )  = (d/2 + R2Sin$2 + R1) 2 .  

'3 - (d/2 + R2Sintj2) (A-60) 

€or It '= 1, + 4  > n/2 

F i n a l l y ,  t h e  per imeter  of t h e  con tac t  zone f o r  t h e  i t h  

segment i s  given by 

e c ( i )  = 2 dx fo r  It = 0 (A-61) 

and 

(A-61) 
4 1  

- R2Sin+ + RISin+ 3 

The values  of Vt ,  A=, Vc and A f o r  t h e  f u l l  t runk and 
cushion are obtained by s u b t r a c t i n g  t h e  r values  from t h e  i 

g 

values  f a r  each segment 

4 (N+M) 

Vt = c 
i=l 

and summing them over  a l l  t h e  segments. 

pci(i) - ~ ~ ~ ( i ) ]  (A-62) 
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- 
vc - 

i=l 

and 

A =  
9 

(A-63 1 

(A-64) 

are obtained Atat Acnt Atact and Atcc The values of Atct 
by adding the values €or each segment. 

'ta 

Atac 

A 
- _tcc 

4 (N+M) c 
i=l 

(A-65) 

(A-66) 

(A-67) 

(A-68 ) 

(A-69) 
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.. . 
Center of 

The d i s t a n c e  of t h e  c e n t e r s  

Pressure  

of p re s su re  of each segment from 
t h e  c e n t e r  of t h e  cushion are requ i r ed  i n  order t o  estimate t h e  
torques  a c t i n g  on t h e  ACLS. The p o s i t i o n s  of t h e  c e n t e r s  of 
p re s su re  depend on whether or n o t  t h e  segment is  i n  ground con- 
t a c t  as i l l u s t r a t e d  i n  F igure  55. 

Without Ground Contact - Since th?  p re s su res  i n s i d e  t he  

t runk  and t h e  cushion are uniform, t h e  p re s su re  c e n t e r s  co inc ide  
wi th  t h e  r e spec t ive  c e n t r o i d s  of t h e  p ro jec t ed  area. The c e n t e r  
of p re s su re  d i s t a n c e s  x C h ( i )  and z c h ( i )  are: 

I, = 1 

X c h ( i )  = - Ls/2 - (d/2 + R2Sin92) B 2  C o s b ( i )  (A-70) 

where 

(A-71) 

where Z c x ( i )  i s  evaluated f r o m  Equation (A-14). 

Is = 2 

Z c , W  = zcx  (i> /2 (A-73) 
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Trunk 

F r e e  Trunk 
Ground Tangent  
Line  

Geometric C e n t e r  
of Cushion (a)  N o  Trunk C o n t a c t  

Ground C o n t a c t  
A r e a  Component 

(Center  of 
P r e s s u r e  Marked 
by Shaded 
C i r c l e  9) 

(b) Trunk C o n t a c t i n g  Ground 

Figure 55. The P o s i t i o n  of t h e  C e n t e r  of P r e s s u r e  

159 



where Xcx(i) and Zcx(i) are obtained from Equations (A-15) and 
(A-16) respectively. 

I, = 3 

(A-74) 

(A-75) 

where Xcx(i) and Zcx(i) are obtained from Equations (A-17) and 
(A-18 ) respectively e 

Is = 4 

(A-76) 

(A-77) 

where Zcx(i) is obtained from Equation (A-20). 

Is = 5 

Xch(i) = Ls/2 + (d/2 + R2Sin@2)Cos6(i) B 2  (A-78) 

Zch(i) = Zcx(i) B2 (A-79) 

where Zcx(i) is evaluated from Equation (A-22). 
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Is = 6 

where X c x ( i )  and Z c x ( i )  are obtained f r o m  Equations 
(A-24) r e spec t ive ly .  

where X c x ( i )  and Z c x ( i )  are obtained from Equations 
(A-26) r e spec t ive ly .  

(A-80) 

(A-81) 

(A-23) and 

(A-82) 

(A-83) 

(A-25)  and 

Is = 8 

X c h ( i )  = - [Ls/2 + (d/2 + R2Sin$2) S in6( i )B2]  (A-84) 

where Z c x ( i )  i s  obtained from Equation (A-28)- 

With Ground Contact - The c e n t e r  of cushion p res su re  d i s -  
t ances  X c h ( i ) ,  Z c h ( i )  and t h e  c e n t e r  of t runk  p res su re  d i s t a n c e s  
X t k ( i l P  Z t k ( i )  f o r  t h e  ith segment i n  ground c o n t a c t  are 
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(i) = - Ls/2 - B2 (d/2 + R2Sin$2 

- R2Sinlp3) C o s G ( i )  

"ch 

(A-86) 

(A-87) 

w h e r e  

Rr = d/2 + R2Sin$2 + R1Sin04 ( $ 4  

%I = d/2 + RZSin$2 - R2Sinrp3 

(A-89) 

Is = 2 , 3  

- (A-90) 

w h e r e  Xcx(i) is  obtained from Equat ion (A-15) f o r  I, = 2 ,  and 
from Equation (A-17) f o r  Is = 3 .  

(i) = (d/2 + R2Sin$2 - R2Sin$3)/2 (A-92) 'ch 
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Is = 4 

Is = 5 

Xch (i) 

I, = 6,7 

d/2 + R2Sin$2 

Ls/2 + B 2  (d/2 + R2SinOZl 

Ls/2 + Xx2 Sin6 (i) 

Ls/2 + B 2  (d/2 + R2Sin02 

- R2Sin03) Cos6 (i) 

Cos6 (i) 

-Xx2 Sin6(i) 

(A-93) 

(A-95) 

(A-96) 

(A-98) 

(A-99) 

(A-100) 

(A-10 1 ) 
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I- - 
(A-103) 

where Xcx(i) is given by Equation (A-23) for  I, = 6, and by 
Equation (24-25) for I, = 7. 

(i) = - (d/2 $. R2SkQ2 - R2Sin$e)/2 (A-104) 'ch 

I, = 8 

- R2Sin$3)/2 (A-105) 

Xch(i) = - Ls/2 - B 2  (d/2 + R2Sin@2 

Xtk(i) = - ~ ~ / 2  - Xx2 Sin6 (i) 

Zch(i) = - B 2  (d/2 + R2Sin$2 

(i) = - Xx2 cosa(i) 'tk 

(A-106) 

(A-107) 

(A-108) 

(A-10 9 ) 

It should be noted that the upper bound on 4, in Equation 
(A-93) and (A-105) is ~ / 2  
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. -  

The Flow Model 

The flow through system is shown i n  F igure  56. The flow 
through 

where 

Qf 

‘af 

’af 

P 

The 

where 

P 
P 

1 the upstream f a n  o r i f i c e  is given by 

(A-110) 

volume flow through t h e  f a n  

o r i f i c e  area, atmosphere t o  f a n  i n l e t  

f a n  i n l e t  o r i f i c e  d ischarge  c o e f f i c i e n t  

f a n  en t rance  p res su re  (nega t ive ,  gage) 

a i r  d e n s i t y  

f a n  p res su re  rise, Pf, is  given by 

= p -  (A-111) ’f P ’af 

= plenum pres su re  (gage) 
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. .  - 

is a 
The fan flow is obtained from the fan characteristic, and 
function 

Qf 

The remaining 

where 

*Pa 

Pa A 

c 
Pa 

where 

QfP 

where 

QPc 

QPt 

of the fan pressure rise. 

= f(Pf) 

flows are found as follows. 

plenum-atmosphere 
valve flows) 

flow rate 

plenum to atmosphere orifice 

discharge coefficient for A 
Pa 

(excluding 

= fan-to-plenum flow rate 

- 
QfP - Qpc + Qpt 

plenum-to-cushion 

plenum-to-trunk 

flow rate 

area 

(A-112) 

(A-113) 

relief 

(A-114) 

(A-115) 

flow rate 

/’ 
,/ 
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where 

pC 

A 
PC 

PC C 

‘Qv 

where 

Pt 

Pt 
A 

Pt 
C 

= A  PC cPc 

cushion pressure 

plenum-to-cushion orifice area 

0,  since 
valve 

PC discharge coefficient for A 

in static operation, 
,is closed) 

the pressure relief 

F (A-116) 

Pt 
A 

Pt 
C 

trunk pressure (.gage) 

plenum-to-trunk orifice area 

Pt discharge coefficient for A 

Qtc + Qta 

(A-117) 

\ 

(A-1 18 ) 
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= trunk-to-cushion flow rate’ Qtc 

Qta = trunk-to-atmosphere flow rate 

- 
Qtc (A-119) 

where 

= trunk-to-cushion orifice area 

= orifice area on cushion side of the trunk-ground 
contact Atcc 

= discharge coefficient of the trunk holes on the 
cushion side Ctc 

The factor 2 /3  comes in Equation (A-119) due to the trian- 
gular pressure profile assumed in the trunk-ground contact zone 
(see Figure 17). Since the pressure on the cushion side of the 
contact zone is linearly increasing from Pc to Pt, the flow is 2 / 3  

of what it would be if the pressure was unform and equal to Pc. 

is zero if there is no trunk-ground contact. Atcc 

(A-12 0 ) 

where 

= trunk-atmosphere orifice area Ata 

169 



'tac 

Cta 

. .  

orif ice  area on atmosphere s i d e  of t runk  c o n t a c t  

d i scharge  c o e f f i c i e n t  of t h e  t runk  ho le s  on t h e  
atmosphere side 

J u s t  as i n  Equation (A-lf9),  t h e  f a c t o r  2/3 comes i n  
Equation (A-120) due t o  t h e  p re s su re  p r o f i l e  assumed i n  t h e  
trunk-ground c o n t a c t  area. Since t h e  p re s su re  on t h e  atmosphere 
s i d e  of t h e  t runk  con tac t  zone is  l i n e a r l y  reducing from Pt t o  0 
(gage) ,  t h e  f l o w  i s  two-thirds of w h a t ' i t  would be  i f  t h e  pres- 
s u r e  w a s  uniform and equal  t o  zero.  

i s  zero i f  t h e r e  i s  no t runk c o n t a c t  with t h e  ground. Atac 

where 

Qca 

where 

A 
g 

C 
9 

- 
Qca - Qpc + Qtc (A-121) 

= cushion-to-atmosphere flow rate 

(A-122) 

= cushion gap area 

= c o e f f i c i e n t  d i scharge  f o r  A 
g 
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The Force Model 

The vertical  f o r c e  developed by t h e  cushion i s  given by 

= ( P ~ A ~  + P ~ A ~ ~ )  case, (A-123) 

where 

= cushion pressure ,  gage 
PC 

Ac = cushion area 

Pt = t runk  pressure ,  gage 

= trunk-ground con tac t  area 'cn 

'e = Euler ian  r o l l  angle  

= Euler ian  p i t c h  angle  @e 

The torque  developed about t h e  cushion cen te r  by t h e  cushion 
p res su re  f o r c e  and t runk  c o n t a c t  force about t h e  v e h i c l e  x a x i s ,  

and v e h i c l e  z a x i s ,  T,,, are: Tnx' 

171 



Under equi l ibr ium condi t ions  

(A-126) 

( A-127 ) 

(A-128) 

Under t h e  equi l ibr ium loading,  t h e  a i r c r a f t  o r i e n t s  i t s e l f  
a t  a p a r t i c u l a r  Y 9, and B e .  For a given va lue  of X t h e  

9, and B e  uniquely d e f i n e  t h e  a i r c r a f t  and ACLS v a r i a b l e s  Y 

p o s i t i o n  ( 2  and JI a r e  z e r o ) .  The area and d i s t a n c e  v a r i a b l e s  
needed t o  eva lua te  Equations (A-123) (A-124)  and (A-125) are 
found from t h e  r e l a t i o n s h i p s  der ived  i n  t h e  previous s e c t i o n s ,  
and can be expressed as 

619 I cg ' 
cg ' 
=g e 

(A-129) 

(A-130) 

(A-131) 

(A-132) 

(A-133) 
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Also the orifice areas required by Equations (A-llg)? 
(A-120) and (A-122) depend on Ycg, Be, 4e and can be expressed 
as 

a =  
9 

and 

(A-136) 

(A-137) 

(A-138) 

For the static solution, it is necessary to solve Equations 
(A-110) to (A-138) simultaneously to determine the equilibrium 
aircraft position and ACLS pressures and flows. 
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THE DYNAMIC MODEL 

The dynamic behavior of t h e  ACLS is  determined from t h e  
simultaneous s o l u t i o n  of th’e s ta te  equat ions  desc r ib ing  t h e  body 
dynamics and f l u i d  mechanics of t h e  system. 

The Force Model 

The following assumptions are m a d e  i n  de r iv ing  t h e  equat ions  
of motion, 

a) The a i r c r a f t  does no t  experience any r o t a t i o n a l  
motion about t h e  v e h i c l e  y a x i s ,  i.e., t h e r e  i s  no 
yaw motion i n  t h e  v e h i c l e  coord ina te  frame 
( J I  = JI = $ = 0). 

.e 

b) Forces a c t i n g  along t h e  v e h i c l e  z a x i s  are zero - 

e)  

f) 

The a i r c r a f t  CG s t a y s  i n  t h e  i n e r t i a l  xy p lane ,  
i .e. ,  FZe = 0 and Z = Z = Z = 0. 

cg  cg cg 

T h e  component of t h e  v e h i c l e  x a x i s  f o r c e  along the 
i n e r t i a l  v e r t i c a l  a x i s  is  n e g l i g i b l e  compared t o  the  
corresponding component of t h e  v e h i c l e  y a x i s  f o r c e ,  

.. 

i .e. ,  FxSin4 Cos€), << F Cos+e cose,. e Y 

The forward motion of t h e  a i rc raf t  CG ( i . e . ,  t h e  
motion along t h e  i n e r t i a l  X a x i s )  occurs  a t  a cons t an t  
d e c e l e r a t i o n  which i s  determined f r o m  t h e  braking 
c o e f f i c i e n t  of t h e  ACLS. 

All forces act  along t h e  appropr i a t e  v e h i c l e  axes and 
not  along t h e  i n e r t i a l  axes. T h i s  comes about because 
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t h e  ACLS model has  been set up such t h a t  t h e  ground 
underneath any p a r t i c u l a r  t runk segment is  considered 
p a r a l l e l  t o  t h e  hard sur face .  

Forces and Torques 

Vehicle  y-axis Forces - The dynamic forces along t h e  v e h i c l e  
y ax i s  c o n s i s t  of 

CP' 
a) The cushion p res su re  fo rce ,  F 

= Pc Ac 
CP 
F (A-139) 

b) The t runk  p res su re  force during trunk-ground con tac t  

c) The aerodynamic drag fo rce ,  Fdf. 

(A-140) 

Fdf = ... %/2 Cd Aph p v3/ivi (A-141) 

where V, t h e  v e l o c i t y  component a long t h e  v e h i c l e  
y a x i s  is  

v = x  cg (Cos+e Sine, Sin$, - Cos$, Sin+e) 

d )  The t runk damping f o r c e  during trunk-ground con tac t ,  

*ct 
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if t h e  segment is  in 
ground con tac t  

(A-142) 

0 if t h e  segment i s  no t  inground con tac t .  
Fct = i 

where the v e l o c i t y  of t h e  t runk  segment wi th  r e s p e c t  t o  ground, 
V t ( i )  i s  given by t h e  a d d i t i o n  of t h e  component of Y a long the  

veh ic l e  y a x i s  and the  component a long t h e  v e h i c l e  y a x i s  of t h e  
r e l a t i v e  v e l o c i t y  of t h e  t runk  segment c e n t e r  w i th  r e s p e c t  t o  t h e  
CG, V r ( i ) .  The f i r s t  component is Y Cos'pe Cos€),. T h e  second 
component i s  

cg 

cg 

where 

-f -+  
w = 'puZ + eux 

+ +  and ux, u 
z axes.  Af te r  s u b s t i t u t i o n  

and tZ a r e  u n i t  v e c t o r s  along t h e  vehicle x ,  y and 
Y 

v t ( i )  = Fcg cos'pe cose,] + i btk(i) - cC] 

- 'e [ Z t k ( i )  - Ff] (A-143) 
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f o r c e  along t h e  v e h i c l e  y ax i s  is  total 

CY 
F 

The 1 

(A-144) 

is 

= F + F + Fdf + Fct 
CP t P  

a x i s  and force along t h e  i n e r t i a l  Y to ta l  

(A-145) F = F COS+, come e Y  CY 

t h e  air- ac t ing  about Vehicle x-axis Torques - The torques  
c r a f t  CG on t h e  v e h i c l e  x a x i s  c o n s i s t  o f :  

Tcpx' The cushion p res su re  torque,  

(A-146)  

due t o  t runk  con tac t ,  Ttpx. b) The torque 

(A-147)  

due t o  aerodynamic drag,  Tdfx. The torque 

df 'fz 
= -F 

Tdfx (A-14 8 )  

Cfz is t h e  d i s t a n c e  along t h e  v e h i c l e  where z a x i s  of t h e  c e n t e r  
of aerodynamic drag f r o m  t h e  CG, 

l e f t  of t h e  drag  center .  
Cfz is  p o s i t i v e  if t h e  CG i s  

T t x  d )  The torque due t o  t runk damping, 

(A-149) 

i=l 
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The t o t a l  to rque  along t h e  v e h i c l e  x a x i s ,  Tx, is then  given 

by I . 

tPX + Tdfx + T t x  + T  
CPX 

Tx = T (A-150) 

Vehicle z-axis Torques - The torques  a c t i n g  about t h e  
a i r c r a f t  CG about t h e  veh ic l e  z a x i s  c o n s i s t  of:  

a) The cushion p res su re  torque ,  ,T 
CPZ 

tPz 
b) The torque  due t o  t runk con tac t ,  T 

T d f z  e )  The torque due t o  aerodynamic drag, 

(A-153) - 
'df z - Fd€ '€x 

where Cfx  i s  the  d i s t a n c e  along t h e  v e h i c l e  x a x i s  of t h e  c e n t e r  
of drag  from CG. 

drag cen te r .  
Cfx  is  p o s i t i v e  i f  t h e  CG is behind t h e  

d)  The torque due t o  t runk damping, Ttz 
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Tf 2 
e) The torque due t o  ground f r i c t i o n ,  

0 

Pt 

Pgh(i) + G g 3 ; xcg 

*cg 

# O  

= o  

(A-155) 

The t o t a l  torque along t h e  v e h i c l e  z a x i s ,  T Z ,  i s  then given 

by 

The Equations of Motion 

The equat ions  of motion g i v e  t h e  r e l a t i o n  between t h e  f o r c e s  
and torques  a c t i n g  on t h e  a i r c r a f t  and i ts  l i n e a r  and r o t a t i o n a l  
motion. 

Linear Motion - The equat ions  of l i n e a r  motion are der ived 
by applying Newton's second l a w  i n  t h e  i n e r t i a l  coord ina te  frame. 
The v e r t i c a l  motion of t h e  a i r c r a f t  CG is  given by: 

0 .  

= F - Mag (A-157) 
MaYcg Y 

where F i s  t h e  i n e r t i a l  v e r t i c a l  component of t h e  v e h i c l e  y a x i s  
fo rce .  The equat ion of motion along t h e  i n e r t i a l  x a x i s  (forward 

Y 

motion) i s  simply 
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I 

0 0  

(.A-1 5 8 1 

where p is  t h e  s p e c i f i e d  d e c e l e r a t i o n  rate. 

Rota t iona l  Motion - I f  t h e  t o t a l  to rque  a c t i n g  about CG of 
t h e  a i r c r a f t  i s  denoted by t h e  vector 5 ,  then  

+ 
T = d8/dt (A-159) 

where d is t h e  angular  momentum vector about  t h e  CG i n  t h e  
i n e r t i a l  frame 

T h e  rate of change of momentum, d$/dt, can be expressed as 
t h e  sum of t w o  components; one desc r ib ing  i t s  ra te  of change 
re la t ive t o  t h e  v e h i c l e  frame and t h e  other accounting f o r  t he  

r o t a t i o n  of t h e  v e h i c l e  frame r e l a t i v e  t o  t h e  i n e r t i a l  frame, 
Thus 

(A-160) 

where is  the  angular  v e l o c i t y  vec to r  of t h e  v e h i c l e  frame 
(relat ive t o  t h e  i n e r t i a l  frame) and i s  given by 

(A-161)  + la) = e u x + J , ;  * +  + + u z  3 

Y 

+ 3  where ux, u 
of t h e  v e h i c l e  frame. 

and tZ  are u n i t  v e c t o r s  along the  x, y and z axes 
Y 

The angular  momentum vector 6 and torque  vector 9 can also 
be divided i n t o  ins tan taneous  components a long t h e  v e h i c l e  axes  
as fo l lows  
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I 
. 

+ H = H + u + H  -+ u + H Z u z  + 
x x  Y Y  

(A-1 6 2 ) 

(A-163) 

s i n c e  3 is taken about t h e  CG, 

where [ H I  is t h e  angular momentum matr ix  

[I] i s  t h e  i n e r t i a  mat r ix  

(A-164) 

and [a] is t h e  angular  v e l o c i t y  ma t r ix  
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1 

Expressing Equations (A-159) and [A-160) i n  matrix form, 

. 

9 

'IX Ixy IXZ' 

P P I  
XY Y Y Z  

IZX Iyz =z.  

X 

IX Ixy IXZ' 

IZX Iyz IZ 

I I 1  
XY a! YZ (A-165) 

Equation (A-165) g i v e s  t h r e e  simultaneous equat ions which .. * .  .. 
can be solved t o  o b t a i n  t h e  r o t a t i o n a l  a c c e l e r a t i o n s  8 ,  J, and + 
i n  t e r m s  of t h e  angular v e l o c i t i e s  and torques.  
J, = JI = 9 = 0 (no yaw motion) and so lv ing  f o r  8 and + g ives  

S u b s t i t u t i n g  .. .. e *  

e *  Ix pz-e (Ixy"+syz~~ - Izy [TX+i (IxyB+I ,I] 
y z  (A-167) 2 4 =  

0 

IZIX IZX 

Angular Coordinate Transformation 

The angular  p o s i t i o n  of t h e  a i r c r a f t  i n  t h e  i n e r t i a l  frame i s  
def ined  by t h e  Euler ian  angles  ee ,  JIe, and 
s p e c i f i e d  angular  o r i e n t a t i o n ,  t h e  a i r c r a f t  m u s t  be r o t a t e d  i n  
t h e  following sequence. F i r s t ,  ro ta t ion  through angle  J, about 

To o b t a i n  a 

e 
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J 

t h e  i n e r t i a l  Y axis .  
an intermediate a x i s  (i a x i s ) ,  which co inc ides  a t  this p o i n t  onZy 
w i t h  t he  v e h i c l e  r o l l  a x i s  (x  a x i s ) .  F i n a l l y ,  r o t a t i o n  through 
ang le  9, about  t h e  vehicle z ax i s .  
angular  v e l o c i t y  v e c t o r  can be expressed as 

Second, r o t a t i o n  through a n g l e  %e about  

With t h i s  d e f i n i t i o n ,  t h e  

3 3 + 
w = JIe uy + B e  ui + uz (A-168) 

By so lv ing  for  t h e  p r o j e c t i o n s  of t h e  vehicle axes on t h e  
Euler  ang le  r o t a t i o n  axes t h e  fol lowing r e l a t i o n s h i p s  can be 

obtained. 

3 +- 
- + -  u Cose ,  - uz Sine, “Y - a (A-169) 

+- +- +- 
u =  u C O S @ ~  - ux Sin@e 

2 Y 
(A-170) 

and 3. 3. 3 
U ’  u cosIpe - u Sin@e 
i x Y (8-171) 

From Equations (A-161) and (A-168) t o  (A-171) t h e  r e l a t i o n  
between v e h i c l e  frame and Euler  ang le  v e l o c i t y  components i s  
found as fol lows 

c 

8 = 9, Sin$, Case, i- B e  C o s e e  

9 = @e - $ e Sinee 

(A-172) 

(A-173) 

(A-174) 
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e 

S u b s t i t u t i n g  JI = 0 (ni 3 yaw) t h e  above equat ions  can  be 
solved t o  give 

a 0 

ee = e Cos4, (A-175) 

* t c 

4, = 4 + eSinrge Tane, (A-176)  

$, = eSin$e Sece, (A-177) 

The above t h r e e  equat ions are t h e  requi red  t ransformat ion  . .  
equat ions which convert  veloci t ies  i n  t h e  v e h i c l e  frame (e ,  (p 

and J I )  t o  those  i n  t h e  Euler ian  frame ( B e ,  $e and 
Eu le r i aa  angular  v e l o c i t i e s  can then  be i n t e g r a t e d  t o  uniquely 
fix t h e  ins tan taneous  o r i e n t a t i o n  of t h e  a i r c r a f t .  

. 
The 

The Flow, Model 

The flow model determines t h e  v a r i a t i o n s  i n  p re s su res  and 
flows as a func t ion  of t i m e .  There are t h r e e  p a r t s  t o  t h e  flow 
model: t h e  f l u i d  chambers ( i - e - ,  plenum, cushion and t r u n k ) ,  
t h e  pressure  r e l i e f  va lve ,  and t h e  fan .  The p r i n c i p a l  assump- 
t i o n s  of t h e  flow model are as fol lows.  

a)  The flow through a l l  o r i f i c e s  i s  cne-dimensional 
and q u a s i - s t a t i c ,  i .e.,  t h e  p re s su re  i n  t h e  plane of 
t h e  o r i f i c e  i s  uniform, and t h e  unsteady s ta te  t e r m s  
i n  B e r n o u l l i ' s  equat ion are s m a l l  compared t o  t h e  
change i n  v e l o c i t y  head. 

b) The flow through t h e  o r i f i c e s  i s  incompressible,  i .e . ,  
t h e  p re s su re  drop i s  s m a l l  compared t o  t h e  t o t a l  
p ressure ,  and t h e  a i r  d e n s i t y  i s  cons t an t .  
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c) The pressure and volume changes of the air during 
expansion and compression in the various fluid 
chambers are governed by a polytropic relationship, 
iee.r pvk = const., 

Plenum - From 

The Fluid Chambers 

the polytropic pressure-density relation 

= constant 

Taking time derivatives, 

dP 
_ E =  a t  

Conservation 

6, 
dt 
P 

P 

mass 

= P  

From Equations (A-179) and 

in 

e d p  
dt 

the plenum 

(A-178) 

(A-17 9 ) 

requires that 

Qpc - Qpt 

(A-180), 

P 

- Qpc - Qpt - Q,) 

QV (A-180) 

(A-181) 
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Cushion - 
to that of the 
rate of change 

dPc - 
dt 

where 

av- _ _  

The continuity equation for  the cushion is similar 
plenum but with an additional term to include the 
of cushion volume due to motion, 

b 

- “1 dt (A-182) 

in Figure 57. The valve is modelled as 
spring-dashpot system. The equation of 
motion (i.e.r the valve motion if stops 
from the relationship below. 

mv xv + Zvxv + kvxv 

186 

= -rate of change of cushion volume. L 

i3.F 

Trunk - The continuity equation for the trunk is 
that of the cushion 

where 

dVt 
dt = rate of change of trunk volume. 

The Pressure Relief Valve 

A schematic diagram of the pressure relief valve 

1 
I 

similar to 

(A-183) 

is shown 
a second order mass- 
unrestrained valve 
were absent) is found 

(A-184) 



I 

Valve 
Stem Atmosphere 

Plenum 

Figure 57. Schematic D i a g r a m  of Pressure  R e l i e f  V a l v e  
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. The above equation neglects the aircraft acceleration in 
comparison to the valve stem acceleration. 

Due to the presence of stops, there are two constraints on 
valve motion, 

(i) If xv 2 0, and P < P 
I? Pb 

a c  

Then xv = - x = 0 
V 

If xv x and P A > p A + kvxa 
a P V  Pb v - (ii) 

0 e r  

Then xv = x = 8  v 

where x is the range of valve motion between stops. The above 
constraints ensure that the valve motion does not exceed the 

a 

stop limits, 

The vent area Av for a given valve displacement xv is found 

(A-185) 

where Sv is an equivalent valve periphery which can be a constant 
or be a function of the valve displacement depending on the valve 
design. The flow through the valve, which depends on the vent 
area Av, is given by 

Q, = Av Cv ,/Fv (A-186) 
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where Cv is the discharge coefficient of 
ehe,number of (identical) relief valves. 

The Fan 

The dynamic equations for the fan are 

the valve and Nv is 

where 
flow; 

where 

dQfx 
a t  

If is 
and 

the 

the 

Pf 9 Paf - P - 
T (A-187) 

inertance of the fan and Qfx is the dynamic fan 

f (Qfx) (A-188) 

function represents the static fan characteristic fo r  
positive and negative flow rates. The fan volume, represented 
by the fan capacitance is lumped together with the plenum volume, 
so that V in Equation (A-181) includes the added volume due to 
the fan. 

P 
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